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A family of hybrid organosilazane/silylamine oligomers has been synthesized
by polycondensation reactions between ethylenediamine(EDA) and
dichloroorganosilanes(DCOS), RiR2SiCl2 (where R^ = CH3 and R2 = H, CH3, phenyl
or CH=CH2, as well as R^ = H and R2 = phenyl). Of these, the R^ = R2 = CH3 case was
used as a model system to develop a "data base" of NMR structural information for the
family of the oligomers. The R^ = CH3, and R2 = H as well as CH=CH2 cases were
investigated in detail as polymeric/oligomeric precursors to potential ceramics and/or
composites containing silicon, nitrogen, carbon and other elements. A detailed
characterization by FT-IR, and ^H, ^"'C, and -^Si NMR as well as ^H-^-'^C, and ^H-“^Si
two dimensional NMR spectroscopy was conducted on these oligomers to elucidate
their structures. Varying the monomer molar feed-ratio was shown to be an effective
synthetic approach to manipulate and/or control the microstructures and/or
functionalities of these oligomers. Reactive oligomers having groups including Si-Cl,
and/or =NH and -NH2 had also been prepared. These reactive oligomers were further
used to prepare polymers with relatively higher molecular weight through condensation
of preformed oligomers. A preliminary investigation of possible modifications of these
preformed reactive oligomers with trifunctional monomers such as NH3, HSiCl3,
AICI3, and BH3 was also explored. Some intrinsic viscosity measurements and
elemental analysis were also conducted. TGA studies revealed that these precursors
had char yields from 5 to 75% upon pyrolysis to 1000 in N2, depending on the
substituents on the silicon atom and compositions of the oligomers. The results of the
elemental analyses of the chars from pyrolysis of PMVSEDA
(polymethylvinylsilylethylenediamine) and PMSEDA
(polymethylsilylethylenediamine) oligomers prepared from a DCOS : EDA molar ratio
of /? = 1 were found to (in weight %): Si, 42.48; C, 33.05; N, 20.09; and Si, 46.01; C,
22.45; N, 22.72, respectively.
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Within the last few decades, silicon-containing ceramics have played a
significant role in the field of ceramic materials which has grown remarkably in both
the industry and academics.Various silicon-containing ceramics including, but not
limited to, silicon nitride (Si3N4) and silicon carbide (SiC) are expected to be used as
advanced engineering materials in a wide range of applications because of their
desirable physical and mechanical properties.^'^^ Silicon nitride, for example, has high
thermal stability to 1800 ®C, high oxidative stability to 1500 *^C, and low thermal
expansion coefficient.^'^’^^'^^ The potential applications of such materials are
significant and include heat engines, components for severe environments, metal
cutting and forming, grinding and abrasive materials, special electronic applications,
and energy conversion.
Si3N4 powders are conventionally manufactured by four main techniques:-^"'’ (a)
nitridation of metallic silicon powder [3Si + 2N2 -> Si3N4], (b) gas phase ammonolysis
of silicon tetrachloride [3SiCl4 + 4NH3 —> Si3N4 + 12 HCl], (c) carbothermic reduction
of silicon dioxide [3810, + 6C + 2N9 —> Si3N4 + 6CO], and (d) thermal decomposition
of silicon diimide [3Si(NH)2 --> Si3N4 + 2NH3] . The powders produced by these
methods, however, have inherent shortcomings such as large pores, and nonuniformity
in particle size, shape, and composition. It is also difficult to build objects with
complex shapes from these powders."'*'^’^'^
These problems, however, might be solved by preparative routes to ceramic
preparation. These preparative routes were first proposed more than 20 years ago by
Chantrell and Popper,and recently reviewed by Wynne and Rice.*^"^^ In these
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preparative routes, inorganic or organometallic polymers are synthesized as precursors
which were subsequently pyrolyzed to obtain ceramics. A wide range of metal
carbides, nitrides, oxides, borides, silicides could likely be prepared from appropriate
polymeric precursors: SiC from polysilanes, Si02 from siloxanes, Si3N4 from
polysilazanes, BN from polyborazines, AIN from polyaminoalanes, etc.^'^ The
advantages of this approach to ceramic formation over the conventional methods
include the abilities to: prepare ceramic objects with complex shapes using fibers
and/or films prepared from the polymers; have lower processing temperatures; achieve
very high purity because the monomers can be purified by well established methods;
and to introduce various elements into the ceramics by incorporating these elements
into the polymer backbones.^-"^ In recent years, the search for more economical ways of
producing ceramic objects with complex shapes for use at high operating temperatures
has prompted extensive research in the area of preparative approach, sometimes called
polymer precursor chemistry^^ or preceramic polymer chemistry.
The term "ultrastructure processing" has also been generally used to refer to
manipulation and control of physical behavior of ceramic materials at the
microstructural level through chemical processes.-”’*-^ Besides the polymeric precursor
approach, other methods such as chemical vapor deposition (CVD), and sol-gel can
also be employed in the ultrastructural processing of ceramics.--^"^^ There are,
however, noticeable differences in these methods. In the CVD method, the precursors
are normally of low molecular weight monomeric species which are deposited from the
gas phase at high temperature onto the surfaces of the objects which require the
ceramic coating.-^"^^ A gel of organometallic precursors, on the other hand, is
converted to a ceramic material through a heat treatment in the sol-gel method.^-"''^^
While a great deal of work has been done on CVD and sol-gel techniques, they are not
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the focus of this discussion. The center of this discussion is the polymeric precursors
approach to ceramics.
The first successful attempt to produce ceramics from polymeric precursors was
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precursor to generate silicon carbide fiber.^
Analogous to polysilanes, polysilazanes which contain predominately Si-N
linkages have been utilized as precursors to silicon nitride and/or related ceramics.
Although polysilazanes were synthesized as early as 1951^^ as agents for impregnating
leather, paper, and textiles to impart water repellency, the investigation of their utility
as ceramic precursors probably did not start until 1913?^ Our comprehensive literature
search including STN on-line data base searches and more frequent manual Chemical
Abstract searches showed that it was in 1973 when Verbeek and co-workers utilized
tris(N-methylamino)methylamine-'’® to prepare a polycarbosilazane which would yield
SijjNyQ type of chars upon pyrolysis. Since then, research works toward the
preparation and characterization of polysilazanes as precursors to silicon nitride and
related ceramics have been reported by scientists from U.S., Japan, Germany, France,
U.S.S.R, Korea and some other countries.-^’-^’ While various polymerization methods
including ring opening-^*^’-^-'-^-'' and catalytic polymerization-'*’-^'^of oligomers have
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been reportedly used to synthesize the precursors, most of the polymers were prepared
by polycondensation reactions between di- and tri-chloroorganosilanes (RnSiCl4.n, n
=1-2) and ammonia.^^'-**^ The most frequently used chloroorganosilanes are those with
R being H, methyl, vinyl and phenyl groups, or combinations thereof. In some cases,
hydrazine^^ or diamines [H2N-(CH2)n-NH2, n=2-3]-‘’^'-^^ were used instead of ammonia.
The obtained polymeric precursors were then pyrolyzed to over 1000 in an inert
atmosphere such as N2 or Ar. Elements including silicon, nitrogen, and carbon were
found as major components in the chars as the pyrolysis products from most of these
preceramic polymers.
It was found that the condition of pyrolysis can be used to modify the char
composition. Burns et al. reported that in pyrolyzing hydridopolysilazane, carbon
content was reduced from 10.5% to 0% when an NH3 atmosphere was used instead of
Ar at 1473 A small amount of oxygen is usually present in the chars because all
the monomers involved are very hygroscopic, and hydrolysis is likely to have occurred
during and after the polymerization process.
As the research in this area progressed, it was found that not every polymer
would be a useful preceramic polymer and the design of the polymer is of crucial
importance. The general criteria for useful preceramic polymers have been reviewed
by several scientists.A useful preceramic polymer: should be processable, i.e.,
fusible and/or soluble; should have fragments which have relatively higher thermal
stability so that a reasonable amount (>60%)^^ of char could be recovered after
pyrolysis; and, its atomic composition should be close to that of the target ceramic, etc.
In order for a polymeric precursor to be utilized either as a fiber or a film to form
objects with complex shapes, it has to be processable. In another words, a useful
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preceramic polymer should neither be highly crosslinked nor it should have very high
molecular weight. Interestingly, in most of the reported cases, efforts were put into
increasing the molecular weight rather than reducing it because most of the polymers
formed by polycondensation of dichlorosilanes and amines were of low molecular
weights. A polymeric precursor with higher molecular weight is desirable because it
might prevent excessive weight loss due to the undesirable volatilization of low
molecular weight fragments during pyrolysis. High molecular weight, however, is not
a sufficient criterion for good ceramic yield."’*’ Structures such as a ring structure which
has relatively higher thermal stability should be present in the backbone of the
precursor. A useful preceramic polymer should also have a formulation that resembles
the targeted ceramic.In the design of a useful polymer it is, therefore, important
to chose appropriate monomers that can be successfully transformed into a polymer
which can yield chars with desired composition under appropriate pyrolysis conditions.
If pure silicon nitride is the desired pyrolysis product, for example, the selected
monomers should have as little carbon as possible.
In the early and middle 1980’s, several groups carried out a great deal of work
to synthesize useful precursors. When Laine et al. found that the initial product (II)
from the reaction between H2SiCl2 and MeNH, would only yield 40% char, they
decided to employ a postpolymerization reaction-^ to increase the molecular weight.
Their research (summarized below) found that with longer reaction time^^ higher
molecular weight materials which gave higher char yields were obtained. The char
reportedly was composed of Si, N, and C.
Seyferth et employed a reaction between CH^SiHCl^ and NH3 to
produce oligomer III, which gave 20% char at 1000 ®C. By treating III with KH, they
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obtained a material IV, which gave 80% char yield at 1000 ®C. The four-membered
ring structures found in material IV were considered as a major factor in the dramatic
increase in char yield.^'^ The char was found to contain Si, N, and C.
MeHSiCl2 + NH3 ►
H H
III







Chars produced from most of the polysilazanes reportedly contained various
combinations of Si, N, C and O. Interestingly, considerable attention, driven by the
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interest in materials which can be utilized for wide-spread applications, has been given
to the ceramics containing these elements, referred as Si-N-C®’^^'^'’ ceramic or
Si3N4/SIC composites,and Si-N-C-(O) ceramic^^'^^ when oxygen was found to be
present. These types of ceramics might not have advanced properties comparable to
that of pure Si3N4 or SiC, but they can be made from a much broader range of sources
with easier processes and low cost. These types of ceramics can be potentially useful
in a wide range of situations where do not require advanced materials like pure Si3N4
or SiC. Another advantage of preparing Si-N-C-(O) ceramics or Si3N4/SiC composites
directly from polymeric precursors is the substantial improvements in the homogeneity
of the mixed ceramics because the mixing of ceramics (such as Si3N4 and SiC)
occurring at the atomic level (it was found that when Si3N4 and SiC were hot pressed
together, increases in the fracture toughness and thermal-oxidative stability comparable
to pure silicon nitride were observed).^ The interest in these types of ceramics has also
prompted extensive research in incorporating other elements such as boron, aluminum,
titanium, zirconium, and even oxygen into the polysilazanes to prepare multi-elemental
precursors for mixed systems, composites, and ceramic matrix composites (CMC).^^‘®“
This trend of preparing multi-elemental precursors has been encouraged by the fact
that, on occasions, composites (the pyrolysis products of multi-elemental precursors)
can have more desirable properties that ceramic does not have. For example,
Seyferth’s group recently obtained a precursor by reacting a reactive oligomer
(CH3SiHNH)„ with BH3. This precursor gave borosilicon nitride as the pyrolysis
product in good yield (74-76%).^- Borosilicon nitride reportedly has excellent
properties including improved fracture toughness, excellent thermal shock resistance,
high relative density, and high strength.®- Numerous papers dealing with the
preparation and characterization of this type of precursors can be found in the very
recent literature.^’"®-
Despite the interest and the progress made in the area of preceramic polymer
chemistry, the field has not yet reached the stage which could warrant wide-spread
introduction of specialty materials for various applications.®’"’^ Some of the reasons for
this state of affairs is probably the lack of models to direct further research and
development, the lack of standard testing methods and the lack of data bases at room
and high temperatures. There are judicious needs for better design of precursors and
for better means to control the chemistry to prepare the designed precursors. In order
to utilize the preparative approaches that afford the availability of useful preceramic
polymers that can be converted to materials for more recent desired applications, the
design of the appropriate precursors must meet structural and reactivity
considerations®^ and "the design of a preceramic polymer is an exercise in functional
groups chemistryFurthermore, a key aspect of this exercise has to be the ability
to control the microstructures of the precursor and the functional groups thereof. The
advantage of such control of microstructures is obvious because it is pertinent to the
elucidation of pathways of chain growth, termination, and branching in the
polymerization. Such mechanistic studies, in turn, can lead to improved synthetic
methodologies by, for example, improving yield and shortening reaction times.
The success of both the design and controlled preparation of precursors with
appropriate structures and functional groups, depends on, unquestionably, the
knowledge and identification of the microstructures and functional groups of the
polymeric precursors. In fact, one of the major stumbling blocks for further research in
the preceramic polymers area seems to be the lack of molecular-level structural
information of the polymeric precursors,®’-'’^ and although some of the work reported in
this area included detailed structural characterization of the materials studied,®^ most of
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them included only the minimal structural characterization. In other words, further
developments in the design and preparation of polymeric preceramic precursors will
depend on "a better understanding of the chemistry leading to these polysilazanes and
of their structures".^ Although the specific reasons for including minimal
characterization in most published literature have not been completely delineated, one
of the reasons is probably the complexity of the structures since most of the polymers
are expected to comprise of rings, and linear and branched moieties which might result
in featureless NMR spectra in some cases.®^
Upon assessing the literature findings, it seemed that some contributions can be
made to the current state of affairs of preceramic polymer chemistry if a set of synthetic
and characteristic methodologies which afforded the ability to control and identify the
microstructures and functional groups of polymeric silazane and/or silylamines can be
developed. For such investigations a family of polymers which: a) can be synthesized
by simple and easy procedures; b) will have relatively complex structures; and c) can
give reasonable char yield (about 60% or above) will be very valuable. Simple and
easy procedures can allow simple manipulation of reaction conditions to control the
microstructures and/or functional groups; the relatively complex structures can offer
opportunities to vary the microstructures and functional groups; and, the reasonable
char yield would qualify the polymers as ceramic precursors.
One polymer system which can meet the first two considerations was thought to
be the one synthesized by Rochow and Kummer in the early 1960’s in a simple and
easy condensation reaction between dichlorodimethylsilane and ethylenediamine.^
Using model compounds, Rochow proposed that this polymer contained cyclic (V) and







the investigation of the possible utility of such systems as ceramic precursors.^^ He
further characterized this system with modern instrumentation including FT-IR,
and ^^Si NMR (one and two dimensional), and confirmed the existence of the cyclic
(V), acyclic (VI) and bridge moieties. Furthermore, he found the polymer, prepared
from reacting one part of dichloromethylsilane with two parts of ethylenediamine gave
char yields of up to 60%. Abrahams, however, did not elucidate the structures of these
polymers in detail, and thus no attempt was made to control or modify the
microstructures and/or functional groups.-*’”'
Pursuant to our literature findings, we set out to conduct research aimed at
developing rather simple approaches to control, identify and modify the microstructures
and/or functional groups of polyorganosilylethylenediamine systems. The contribution
of this work is to provide a rather simple and easy approach to control the
microstructures and/or functional groups in a conventional condensation reaction for
the synthesis of ceramic precursors, and develop a "data base" of precursor chemistry
for these systems. The results generated from this research can be expected to be very
valuable for the design and preparation of useful polymeric preceramic precursors. It is
also possible that some composites with more desirable properties can be produced.
In this research work, hybrid silazane/silylamine oligomers were synthesized by
controlling the simple polycondensation reactions between ethylenediamine and
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dichloroorganosilanes (RjR2SiCl2, where R^ and/or R2 = H, Me and vinyi) under
various reaction conditions including varying monomer feed ratios and different
monomer feed sequences. Detailed characterization by FT-IR, and and ^^Si
NMR as well as and ^^Si-^H two dimensional NMR were conducted on these
oligomers to elucidate their structures. The structural information obtained from the
characterization was employed to assess the effects of reaction conditions on the
oligomer structures, as well as to identify the reactive functional groups within the
oligomers. Some reaction-condition to oligomer structure relationship has been
developed, and oligomers having reactive groups including Si-Cl, and/or -NH and
-NH2 have been prepared,with relative ease by manipulating the reaction conditions.
The cyclic to acyclic ratio was found to be controllable by manipulating the monomer
feed ratios and/or feed sequences. These reactive oligomers were utilized in
postpolymerization modifications to prepare polymers with relatively high molecular
weight (comparing to one step reaction product) through sequential additions or
oligomer condensations. The oligomers were also used to prepare block copolymers.
Moreover, the oligomers were also utilized to generate other precursors by reacting the
oligomers with trifunctional monomers such as NH3, HSiCl^, AICI3, and BH3. Some
intrinsic viscosity measurements and elemental analysis were also conducted. TGA
experiments were performed on all the polymers made and it was found that the
polymers gave reasonable char yields (>55%) only when there were Si-H or Si-vinyl
functionalities present. Modification with the trifunctional monomers HSiCl3, AICI3,
and BH3 gave the char yields of up to 75%. Overall, this research has achieved its
goals of generating detail structural information, developing a set of simple and easy
procedures to control the microstructures and/or functional groups of the oligomers, as
well as the expansion of the precursor chemistry for the preparation of other oligomers
by postpolymerization modification of the preformed reactive oligomers.
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This work also illustrated the value of the combined use of IR and NMR
techniques, especially one and two dimensional ^Si NMR for detailed structural
characterizations. The results including the structural information and the controlled
approach reported here can be expected to provide with opportunities for a broad range
of future research such as incorporation of other elements into the polymer chain,
manipulation of pyrolysis condition to achieve higher char yield based on copolymers,
and ultimately the understanding of the mechanism of the conversion process from the
precursors to the ceramic materials.
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EXPERIMENTAL PROCEDURES
General Laboratory Materials and Equipment
m-Xylene (Fisher) was purified by distillation from Na metal under nitrogen.
Hexane (Fisher) and THF (Fisher) were purified by distillation from Na/K alloy.
Triethylamine (Aldrich) and ethylenediamine (Aldrich) were purified by distillation
from appropriate drying agents. Dichlorodimethylsilane (Aldrich),
dichloromethylsilane (Aldrich), dichloromethylvinylsilane (Aldrich),
dichloromethylphenylsilane (Huls American), and dichlorophenylsilane (Huls
American) were distilled under nitrogen before use. Anhydrous ammonia (Holox, ltd.,
premium grade) was used as gas. Trichlorosilane (Aldrich), Aluminum chloride
(Aldrich) and borane/methyl-sulfide complex (2.0 mole toluene solution, Aldrich) were
used as purchased.
Chemicals were transferred with oven dried glass syringes and stainless
needles. All glassware was washed in a base bath, rinsed clean with water, and then
oven dried. NMR spectra were obtained using a Bruker WM-250 spectrometer. FT-IR
spectra were obtained on a Nicolet 730 system. Thermogravimetric analysis (TGA)
was done on a DuPont TGA 951 system interfaced with a Thermal Analysis 2000 unit.
Elemental analyses were done by Galbraith Laboratories, Inc. (Knoxville, TN).
General Procedures For Synthesis
All operations were performed under an inert atmosphere of dry nitrogen
(pre-purified, Holox, Ltd.) on a schlenk line or in a glove-box under an atmosphere of
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nitrogen. After the glassware was assembled as needed, the setup was evacuated while
being heated by a heatgun first, and then filled with nitrogen. The flushing was
repeated at least three times.
To a 250 ml round-bottom three-necked flask equipped with a magnetic stirrer,
an inlet connected to a nitrogen cylinder through a drying tube, a rubber septa, and an
additional funnel, was added a pre-selected amount of EDA (0.02 to 0.2 mol) and TEA
(0.25 mol) mixed with 10 ml of m-xylene. The flask was put in an ice-bath to cool the
contents to about 0 ®C, while being stirred by a magnetic bar. To this solution was
added dropwise dichloroorganosilane (0.05 mol) in 10 ml of m-xylene over a period of
30 minutes. After all the chlorosilane had been added, 10 ml of m-xylene was used to
rinse the funnel and the ice-bath was removed 30 minutes later. The reaction mixture
was stirred at room temperature for overnight. The work-up started by adding 20 ml of
m-xylene into the reaction mixture which then was heated to 80 for 30 minutes. The
white precipitate obtained was then separated by suction filtration through a medium
glass frit. Another 20 ml of m-xylene was used to wash the precipitate. The dried
precipitate was investigated by FT-IR and the spectrum was compared to that of
triethylamine hydrochloride salt.
The filtrate was separated into two equal parts. The solvent of one part was
completely removed under vacuum while being heated in an oil-bath to 80 ®C. The
residues were weighed to calculate the polymer yields, and they were used as the
samples for TGA experiments. In order to obtain materials which are soluble in CDCI3
for NMR experiments, some solvent (<5%) of the other portion of the filtrate was not
removed. These materials were used for the FT-IR experiments too.
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Methods for Theoretical Yield Calculation: The theoretical yield calculation in
this work is complicated by the facts that: a) since various monomer feed ratios were
used the dichloroorganosilane would be totally consumed in some cases, and
ethylenediamine in others; b) ethylenediamine reacted mono-, di-, tri-, or
tetra-functionally depending on the reaction conditions. In order to minimize any
misleading data, two experimental observations (given below) can, however, be used to
formulate an expression for the calculation of the theoretical yield. They were:
1. For any given monomer feed ratio, all of the DCOS reacted as either
difunctional or monofunctional;
2. the percentage of monofunctionally reacted DCOS can be determined from
the integration of NMR signals of methyl protons of the =Si(CH3)Cl functionality
(vide infra).
The equations to calculate the polymer yield based on these observations were
formulated as:
%Yield = (Wex/Wt)x100
Wt = Wed + ^ds - Whc,
Whci = [2 - (%C1/100)]xMdsx36.5
where: and are, respectively, the experimental and theoretical masses of
product; and Wpg are, respectively, masses of EDA and DCOS used in the
experiment; Wpjci is mass of HCl produced from the reaction; is the number of
moles of DCOS used in the experiment; % Cl is the percentage of =Si(CH3)Cl
functionalities obtained from the integration of NMR signals; and 36.5 is the
formula mass of HCl in grams.
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SYNTHKSIS OF OLIGOMERS AND THEIR MODIFICATIONS
Preparation of polvdimethylsilylethylenediamines (PDMSEDA):
Method 1: Various Monomer Molar Feed Ratio: PDMSEDA oligomers were
prepared by the general experimental procedure and the monomer molar feed ratios











1 6.06 1.32 1:0.4:5 3.76 58
2 6.06 1.65 1:0.5:5 3.87 62
3 6.06 2.48 1:0.75:5 4.32 74
4 6.06 3.30 1:1:5 4.23 73
5 6.06 4.95 1:1.5:5 4.38 60
Method 2: Step Addition (A): The purpose of this set of experiments was to
gather additional data for characterization of the oligomers. In these experiments, the
changes of NMR signal intensities were monitored by adding very small amount of a
monomer, in several steps, to react with a preformed oligomer.
PDMSEDA oligomer of 1:1:5 (DCDMS:EDA:TEA) monomer molar feed ratio
was prepared as described. When all the TEA was removed from the filtrate, 30 ml of
xylene was used to dilute the residue and the solution, while being stirred by a
magnetic bar, was cooled to 0 with an ice bath. To the solution, 0.2 ml of DCDMS
was added dropwise. Ten minutes after the addition, 10 ml of TEA was added and the
ice-bath was removed. The reaction was left at room temperature, while being stirred
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by a magnetic bar, for 4 hours, and the sample work up was that of the general
procedure. Samples were taken for characterization.
Instead of using the sample obtained from the reaction (added 0.2 ml of
DCDMS to react PDMSEDA oligomer of 1:1:5), to avoid hydrolysis of the samples,
another set of experiment was conducted as described, started with PDMSEDA
oligomer of 1:1:5 and added 0.2 ml of DCDMS. The filtrate was, however, divided
into two equal parts. To one part 0.2 ml/lOml (EDA/TEA) and another part 0.6 ml/20
ml (EDA/TEA) was added with the same procedure as above. Over all, three samples
were generated from these experiments and NMR spectra were taken for
characterization.
The same type of step addition experiments were conducted, starting with the
PDMSEDA #1 (1:0.4:5; DCDMS:EDA:TEA). In that set of experiments, 0.08 ml/10
ml, 0.08 ml/10 ml, and 0.2 ml/20 ml of EDA/TEA were used. The experimental
procedures were of the same except no solvent removal was needed before added
EDA/TEA.
Preparation of Polymethylsilylethylenediamines (PMSEDA):
PMSEDA oligomers were prepared by the general experimental procedure, and
the monomer molar feed ratios (DCMS:EDA:TEA) are listed below (page 18). The
products were white solid except that of #3.
Preparation of Polymethylvinylsilylethylenediamines fPMVSEDA):












1 5.21 3.30 1:1:5 3.67 72
2 5.21 2.81 1:0.8:5 3.79 81
3 5.21 1.65 1:0.5:5 3.38 62
prepared by the general experimental procedure, except in some cases
concentrations of the reactants were varied to determine the effects of concentration on
structures and related parameters {vide infra). The monomer molar feed ratios are
listed below. For runs #1-11, concentrations for all the reactants were half of those
described in the general procedure. For runs #12-16, same monomer molar feed ratios
were used as those of runs #2, #3, #4, #9 and #10, respectively, but the concentrations
for all the reactants were doubled in these runs (#12-16).
Method 2: Step Addition: The purpose and experimental procedures for this set
of experiments were the same as described in method 2 (A) of synthesis of PDMSEDA
oligomers. Experiment were done with both starting with 1:1:5 (#15), and 1:0.4:5
(#14) monomer molar feed ratios.
Method 3: Oligomer Condensation: PMVSEDA oligomer of 1:2:5 molar feed
ratio (#10) and PMVSEDA oligomer of 1:0.5:5 molar feed ratio (#5) were prepared
with the procedure described. After the precipitate was separated in both cases, 80% of
the filtrate of the 1:0.5:5 PMVSEDA was added into that of 1:1:5 PMVSEDA
dropwise, over a period of 30 minutes. The reaction was left overnight at room
temperature while stirring. The sample work-up was the same as in the general












1 3.25 3.30 1:2 2.21 69
2 3.25 0.83 1:0.5:2 2.35 58
3 3.25 1.65 1:1:2 2.18 68
4 3.25 0.66 1:0.4:5 2.16 59
5 3.25 0.83 1:0.5:5 2.30 62
6 3.25 0.99 1:0.6:5 2.32 67
7 3.25 1.24 1:0.75:5 1.96 73
8 3.25 1.49 1:0.9:5 2.29 75
9 3.25 1.65 1:1:5 2.27 71
10 3.25 3.30 1:2:5 2.30 49
11 3.25 6.60 1:4:5 2.33 30
12 6.50 1.65 1:0.5:2 4.98 59
13 6.50 3.30 1:1:2 4.76 69
14 6.50 1.32 1:0.4:5 4.71 59
15 6.50 3.30 1:1:5 4.90 72
16 6.50 6.60 1:2:5 4.60 49
Preparation of (methylvinvlsUvl)-(methylsilvI) ethylenediamines:
Method 1: 50%I50% Random Copolymer. The procedure of preparing this
copolymer is the same as that of general procedure. The molar ratio was 1:1:5, and
2.6/0.025 (ml/mol) of DCMS and 3.25/0.025 (ml/mol) of DCMVS were used. The
final product was 4.34 g (73%) of a white solid.
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Method 2: Block Copolymer: A PMVSEDA of 1:2:5 ratio and a PMSEDA of
1:0.5:5 were synthesized as described, the molar ratio of the respective chlorosilanes
being 1:1. After the precipitate was separated, the filtrate of PMSEDA was added to
that of PMVSEDA dropwise, over a period of 30 minutes. The sample work-up was
the same as that of general procedure. The final product was 6.05 g ofwhite solid.
Preparation of Polyphenvisilvlethylenediamine (PPSEDA) and
Polymethylphenylsilylethylenediamine (PMPSEDA)
The experimental procedure of preparing PPSEDA and PMPSEDA was the
same as that of general procedure and one oligomer (1:1:5 molar feed ratio) was
prepared for each system. The final products were white solids.
Oligomer DCOS EDA Molar _yie!d
(ml) (ml) Ratio (g) (%)
PPSEDA 7.30 3.30 1:1:5 5.98 73
PMPSEDA 8.05 3.30 1:1:5 6.59 74
Reaction ofPMVSEDA and NH3:
A PMVSEDA oligomer of R=2.5 was prepared as described, and precipitate
was separated. After all the unreacted TEA was removed from the filtrate by vacuum,
40 ml of xylene was added into the reaction flask to dilute the polymer solution. The
solution was cooled to 0 with an ice-bath. To that solution, ammonia was slowly
bubbled through for 10 minutes while being stirred by a magnetic stirring bar. Twenty
ml of TEA was then added to the reaction mixture 30 minutes after the completion of
NH3 bubbling. The sample work-up was the same as that of general procedure. The
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final product was 2.5 g of a light oily material.
Reaction ofPMVSEDA and C^SiH:
A PMVSEDA oligomer of/?=0.5 was prepared as described, and the precipitate
was separated. To the filtrate which was cooled to 0 by an ice-bath and stirred by a
magnetic bar, a solution of 1.16 ml HSiCl3 (molar equivalent to 80% of the total =NH
content of the PMVSEDA oligomer of 1:2:5 molar feed ratio, vide infra) mixed with 40
ml of THE was slowly added through a dropping funnel over a period of 45-60 minutes.
The ice-bath was removed 30 minutes after the addition and the reaction was left to
proceed at room temperature for overnight, then heated to 80 for 3 hours. The
precipitate was separated by a suction filtration and 20 ml of xylene was used to wash
the precipitate. The filtrate was divided equally into two parts. Most of the solvent of
one part of the filtrate was removed by vacuum and heating with a heatgun. The
residue was used as samples for IR and NMR experiments. The solvent of the other
part was completely removed, and 4.72 g of product was recovered (98%), a sample of
this part was used for TGA experiment.
Reaction ofPMVSEDA and BH3:
A PMVSEDA oligomer of R=0.5 was prepared as described, and precipitate
was separated. After all the unreacted TEA was removed from the filtrate by vacuum,
40 ml of m-xylene was added to the reaction flask to dilute the polymer solution. The
solution was cooled to 0 with an ice-bath and stirred by a magnetic bar. To that
solution, a solution of 5.75 ml of BH^/methyl sulfide (2 mole solution in toluene, molar
equivalent to 80% of the total >NH content of the PMVSEDA oligomer of 1:2:5 molar
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feed ratio, vide infra) in 40 ml of THF was added dropwisely over a period of 45-60
minutes. The ice-bath was removed 30 minutes after the addition and the reaction was
left overnight. The experimental procedure, from here on, was the same as that of
reaction of PMVSEDA and HSiCl^. The final product was 4.72g of solid corresponding
to 101.05% yield.
Reaction ofPMVSEDA and AlCU.
A PMVSEDA oligomer of i?=0.5 was prepared as described, and the precipitate
was separated. The filtrate was led into a 250 ml three-neck flask equipped with a
dropping funnel, an inert gas inlet and a glass stopper.
In a glove box, 1.54 g of AICI3 (molar equivalent to 80% of the total >NH
content of the PMVSEDA oligomer of 1:2:5 molar feed ratio, vide infra) was added to
a 250 ml pre-dried two-neck flask equipped with an inert gas inlet and a rubber septa.
This flask was then removed from the glove box and connected to the vacuum line.
While being stirred with a magnetic bar, 40 ml of THF was added into the flask and a
TOT solution of AICI3 was made. This solution was then transferred into the dropping
funnel which was on the above mentioned flask containing the filtrate from the
polymerization reaction.
To the filtrate (cooled to 0 with an ice-bath and stirred with a magnetic bar),
the AICI3 solution was added dropwise through the dropping funnel over a period of
45-60 minutes. The ice-bath was removed 30 minutes after the addition and the
reaction was left standing overnight. The experimental procedure, from here on, was
the same as that of the reaction of PMVSEDA and HSiC^, except that before the
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filtration all the THF needed to be removed. The final product was 4.54 g of light
yellow solid corresponding to 99.5% yield.
General NMR Experimental Procedures
All the samples for NMR experiments were prepared in a glove-box kept under
a nitrogen atmosphere in presence of P2O5. NMR tubes were oven dried first, then
transferred into the glove box. The deuterated solvent for NMR experiments was
CDCI3 (Aldrich) in 0.5 ml and 1 ml ampules. Sealed NMR tubes were used for all the
two dimensional experiments. One dimensional spectra were obtained by using
broadband decoupling or DEPT methods.®^'^^ One dimensional ^^Si spectra were
obtained by using inverse-gated decoupling, INEPT or DEPT (see Appendix A for
pulse sequence) techniques.®^’^^ The -^Si-^H heteronuclear two dimensional spectra
were obtained by standard techniques.^- The ^"^C-^El two dimensional spectra were
recorded by a modified technique, broadband homonuclear decouplings-^, where a
bilinear rotation operator was added into the standard technique.^s,93
Nuclear Magnetic Resonance Experiments (250 MHz):
The signal of methyl groups of m-xylene was used as the internal reference
(2.3 ppm relative to TMS). In a typical experiment, spectral width (SW) of 3000
Hz, pulse width (PW) of 6 us., relaxation delay (RD) of 4 seconds, line broadening
(LB) of 0 Hz, 8-32 of scans (NS), and 8 K data points for both SI and TD were used.
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Nuclear Magnetic Resonance Experiments ( 62.9 MHz):
For experiments, 10 mm NMR tubes and typically 1ml of sample plus 1ml
of deuterated solvent were used. The center peak of the CDCI3 triplet was used as the
internal reference (76.9 ppm relative to TMS) for coupled and decoupled methods.
One dimensional NMR spectra: The majority of NMR experiments were
recorded by using the broad band decoupling technique with decoupler power of 8H (2
Watts). For typical spectra, SW of 15000 Hz, PW of 18 us. (about 60° pulse), RD
of 4 seconds, LB of 2 Hz, NS of 32-160, and both SI and TD were 8K data points.
Two Dimensional NMR spectra TCOSY): ^H and coupled NMR spectra
were first obtained to determine parameters such as Ol, SW, and coupling constants. A
DEPT^^'^^ experiment using all the generated parameters was performed and the
spectrum obtained was saved as a reference file for the F2 dimension. A D1 of 3
seconds was used in the DEPT experiment, and D2 was calculated from 0.5/Jq,^^^ for
maximum polarization transfer, which varies with different substituents on the Si atom
(Jc-H 125 Hz and 111 Hz for PDMSEDA and PMVSEDA, respectively,
these values were experimentally determined). A modified two dimensional
heteronuclear COSY pulse program (XHCORRD.AU, Appendix A)^^ was used to
generate all the 2D spectra. For a typical ^-^C-^H 2D experiment, D1 of 3
seconds, and SI and TD of 1 K were used in FI dimension (SIl, TDl). For the F2
dimension, TD2 was 128 W, and the SI2 was zero-filled to 256 W. D3 and D4 (D4 =
0.5 X D3),^^ as well as SW and Ol were varied depending on the functional groups
involved. For a typical experiment, a D3 of 0.004 and 0.0036 second were used for
PDMSEDA oligomers and PMVSEDA oligomers, respectively. To ensure that the
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samples were not hydrolyzed during the 2-D experiments, a ^®Si NMR spectrum was
taken before and after the 2-D experiments.
Nuclear Magnetic Resonance Experiments;
For ^^Si experiments, 10 mm NMR tubes and typically 1.5 ml of sample
(depending on the solubility of the sample) plus 0.5 ml of deuterated solvent were used.
Tubes were sealed for all the 2D experiments as well as all PMSEDA samples because
they seems to be more sensitive to hydrolysis. TMS was used as the external standard.
After every experiment, the same parameters (01 and SW) were used to run a TMS
sample to obtain the spectrum reference (SR).
One Dimensional ^Si spectra: Initially, inverse-gated method^^ was used to
generate ^Si spectra. A typical inverse-gated experiment used 5000 Hz for SW, -4000
for 01, 20 us for PW, and 90 seconds for Dl. Because that the inverse-gated
experiment took a relatively long time (1-4 hours), thus causing the sample to become
hydrolyzed during the experiment, other techniques such as DEPT were chosen to
generate ^Si spectra.
It is, however, essential to have 4i. and/or ^si-C-H values to calculate proper
delays [D2=(l/ J)sin'^(l/n^^^)] for any successful DEPT experiments.^^ A set of-^Si-^H
coupled experiments performed with various model compounds in attempt to determine
the J values proved only partially successful. Only TMS and the model containing
Si-H groups ([H(CH3)2Si]2NH) yielded resolved spectra (^si-c-H ^
was 200 Hz for TMS and [H(CH3)2Si]2NH, respectively). For those models containing
a >Si(CH3)CH=CH2 silyl group unresolved spectra were obtained, probably due to the
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complex coupling pattern. From the literature, we found that the /si-C-H
CH2=CHSiCl3 is 22 Hz.®'' This information suggested that the 4i-C-H of vinyl proton is
much different from the ^si-C-H of methyl group (5-9 Hz).®''"®'' A set of experiments
was, thus, conducted to determine the appropriate delay empirically. In this set of
experiments, different D2 values were used to run DEPT experiments on model
compounds including (CH3)(CH2=CH)SiCl2 (DCMVS) and
l,3,5-trimethyl-l,3,5-trivinylcyclotrisilazane (TVC). For each D2, the corresponding
signal to noise (S/N) ratio was measured. A plot of the S/N ratio vs. D2 revealed that
the best signal to noise ratio was achieved when D2 was 0.0125 second (Appendix B).
Similar types of experiments were later conducted on the oligomers containing
dimethylsilyl functional groups, and it was determined that a much better signal to
noise ratio could be achieved when 0.04 second was used as D2.
For a typical DEPT experiment, a decoupler pulse width PI (45®) of 23.5-25.5
us, P2 (90®) of 47-51 us, P3 (180®) of 94-102 us were used while a pulse width P4 (90®)
of 21.5-23.5, P5 (180®) of 43-47 us were used for ^^Si. The SW and 01 varied with the
oligomer involved: 2000 Hz/-3600, 2100 Hz/-4000, and 3000 Hz/-4000 were used for
PMVSEDA, PDMSEDA, and PMSEDA, respectively. The D2 values used in the
DEPT experiments for various hybrid silazane/silylamine oligomers were 0.04, 0.0025,
and 0.0125 second for PDMSEDA, PMSEDA, and PMVSEDA, respectively.
Two dimensional -®Si-'H NMR experiments: PDMSEDA, PMSEDA, and
PMVSEDA oligomers were characterized by -®Si-'H 2-D experiments using the
standard heteronuclear 2D COSY technique®- (XHCORR.AU,®' see Appendix A). In a
typical experiment, a D1 of 3 seconds, SIl/TDl of IK, SI2 of 256W, and TD2 of 128W
were used. The D3 values used were the same as the D2 values used in the DEPT
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experiments for various oligomers (e.g. D3 = D2 = 0.0125 second for PMVSEDA
oligomers) and D4 was one half of the D3. A DEPT experiment was performed on the
same sample before and after the 2D experiments to ensure that the sample had not
hydrolyzed during the experiment.
FT-IR Experiments:
All the IR experiments were performed on a Nicolet 730 instrument. In a
typical IR experiment, the number of scan was 32, and the spectral range was from
4000 to 400 cm ^ All liquid samples were run as a thin film between a pair of NaCl
windows while solid samples were run as KBr thin pellet.
Thermogravimetric Analysis (TGA):
The temperature used for the TGA runs ranged from ambient temperature to
1000 ®C. The heating rate used was 10 ®C/min in most cases. All the TGA
experiments were performed under nitrogen atmosphere. The flow rate of nitrogen was
20 cm-^/min. The amount of sample varied from 15 to 40 mg.
Intrinsic Viscosity Determination:
The intrinsic viscosities were determined by the dilute solution method^^ in a
glove-box using an ubbelohde viscometer tube (Fisher Scientific) and a Casio F-91W
stopwatch. An oil bath equipped with a temperature regulator kept the temperature
constant at 25.5 ®C. Hexane was used as the solvent, and the Tq (time measured for
pure Hexane) was 234.34 seconds. Initially, a weighted amount of sample was
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dissolved in 5 ml of Hexane to make the concentration about Ig/dl. The solution was
then transferred into the viscometer tube through a disposable HPLC syringe filter
(Fisher Scientific). The viscometer tube with the solution was then placed into the oil
bath. The initial reading was taken after temperature equilibration. The reading was
repeated a few time until the difference between each reading was less than 0.02
second. If the initial reading (T^) was not 20 seconds above the reading for the solvent
(Tq), more material was added into the solution. If the T^ was 20 seconds or more
above the To, 2.5 ml of hexane was used to dilute the solution after the T^ was
recorded. Four points was recorded, totally, after two more dilutions with 2.5 ml of




(i = 1, 2, 3, and 4) (1)
(2)
(3)
Four data points could be generated from equations (2, for reduced specific
viscosity) as well as (3, for inherent viscosity), and thus two lines could be plotted
based on these data points. These lines were extrapolated to zero concentration to
determine the intrinsic viscosity. Please see Appendix C for such a plot.
Elemental Analysis:
Samples (chars of TGA runs, 1000 ®C) were sent to Galbraith Laboratories, Inc.
for the elemental analysis. Normally, >15 mg of sample was placed in a small glass
sample bottle which was flushed with nitrogen, sealed, and mailed.
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RESULTS AND DISCUSSION
This section consists of five Chapters. The first Chapter presents the results of
preliminary studies including the screening of a family of oligomers on the basis of
char yields from TGA experiments and the assessment of the characteristics of
oligomers prepared under various reaction conditions. The second Chapter describes a
detailed molecular-level characterization of PDMSEDA oligomers as model systems
by IR, and ^^C and ^^Si NMR spectroscopy in one and two dimensions. Data such
as microstructures, backbone compositions, functional groups and chemical shifts of
various PDMSEDA oligomers have been summarized. In Chapter three, the synthetic
and characterization approaches developed in the work in Chapter two are extended to
the study of the PMVSEDA systems. In addition to NMR and IR characterization,
results of TGA experiments, elemental analyses and intrinsic viscosity measurements
of various PMVSEDA oligomers will be discussed. Similar studies have also been
done on the PMSEDA oligomers and the results are summarized in Chapter four. The
microstructures of various PMSEDA oligomers have been elucidated and
functionalities of these oligomers identified. Finally, postpolymerization modifications
of reactive PMVSEDA and PMSEDA oligomers were explored as presented in Chapter
five. In this Chapter (Chapter V), results of condensation of preformed oligomers and
modifications of reactive PMVSEDA oligomers with NH3 (R=2.5) and BH3, AICI3 and
HSiCl3 (R=0.5) are also presented.
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CHAPTER I. PRELIMINARY STUDIES
The preliminary studies were undertaken, first, to identify appropriate
polymer/oligomer systems for further detailed studies as potential precursors, and,
second, to develop methodologies for preparing polymers/oligomers with different
microstructures and/or functionalities. To accomplish the first goal, a family of
oligomers were synthesized and screened on the basis of char yields from TGA
experiments. The second goal was pursued by synthesizing oligomers under various
reaction conditions and by assessing the characteristics of the oligomers prepared using
different monomer feed-ratios, different amount of bases, and different monomer
concentrations. For this purpose, polymer yields, percent cyclic/acyclic compositions,
intrinsic viscosities, TGA profiles, char yields, etc. were determined and analyzed.
After providing a rationale for the selection of the PMVSEDA and the PMSEDA
systems for further detailed studies, the results obtained from the preliminary
experiments are discussed in some detail below and they show that the most effective
way to control the microstructures and/or functionalities of the oligomers is by varying
the monomer feed ratios.
Selection of Systems as Precursors. In order to select suitable systems for
detail investigation, five different DCOS were reacted with EDA in the present of TEA
to prepare various polymeric/oligomeric systems (Table 1). In our preliminary survey
by TGA experiments, the polymers/oligomers prepared under the same reaction
condition (DCOS:EDA:TEA) were found to give different char yields (Table 1). While
systems containing either Si-H or Si-CH=CH2 gave reasonable char yields, the others
gave very little char yield (about 5%). It was decided, based on this information, to use
the PMVSEDA and PMSEDA (Table 1) systems for further investigation. The choice
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Table 1. Results of Preliminary TGA Studies on a Family of Polymers
CijSiRR’ + H2H-CH2--CH2-NH2 —► Polymers/ohgomers
Polvmer Substituent Char Yield
R R’ (%)*
PDMSEDA CH3 CH3 5
PMVSEDA CH3 CH=CH2 63
PMSEDA CH3 H 60
PMPSEDA CH3 Ph <5
PPSEDA Ph H 60
from TGA experiments (10 ®C/min to 1000 in N2)
was made on the basis of; a) the fact that both PMVSEDA and PMSEDA oligomers
were found to give reasonable char yield upon pyrolysis in our preliminary study; b) the
potential that the vinyl and Si-H functionalities in PMVSEDA and PMSEDA,
respectively, might be valuable for postpolymerization and/or pyrolysis modification to
increase char yield and/or change char composition; and c) the low cost of these two
monomers and their satisfactory reactivity toward various amines.
Development of Controlled Synthetic Approaches for Oligomer
Preparation. As aforementioned, the primary objective of this research is to develop
methodologies for preparing oligomers with different microstructures and/or
functionalities. In our preliminary survey, the PMVSEDA system was used to develop
the controlled synthetic approaches. A priori, there was no reasonably definitive way
to determine as to how to accomplish this goal. Thus we had to carry out some
preliminary experiments that might give us some indications as to how to best proceed.
31
In this regard, several considerations can be made. First, it was already known that the
type of systems we selected do have =NH functionality as well as cyclic
(five-membered ring) and acyclic structures in the backbone chain.Second, there
are theoretical bases that suggest that the rate of intermolecular bimolecular reaction
that lead to formation of acyclic structures increases much faster than that of the
intramolecular unimolecular reactions that lead to formation of cyclic structures as the
reactant concentration is increased.^® Third, it is expected that when one particular
monomer is in excess over the other in a condensation polymerization reaction, the
oligomer/polymer that obtains will have unreacted functionality of the monomer that is
in excess. Fourth, since the polymerization reactions of the selected monomers give
HCl as a by-product, the reaction might be effected by the presence of a stronger base
(compared to EDA). To assess the effects of the above factors on the microstructure of
the oligomers/polymers, various reaction conditions were investigated. These were: a)
different monomer concentrations; b) different amounts of TEA; c) different monomer
feed-ratios (R). The char yields and the relative molecular weights of the oligomers
prepared were investigated by NMR, TGA analysis (10 ^C/min to 1000 in N-,)
and by intrinsic viscosity experiments (dilute solution measurement method).^’^^
Table 2 and Figure 1 show the results of these experiments and the NMR spectra of
the products, respectively. Several observations can be gleaned from the data in the
Table and the Figure: a) as one would have expected the oligomers prepared with
stoichiometrically balanced monomer feed ratios (oligomers II, III and VI) give
relatively higher intrinsic viscosity values;^^ b) the relatively low intrinsic viscosity
values obtained, however, indicate that the molecular weights of these oligomers are
less than 5000;^®® c) all four parameters (polymer yield, % composition, intrinsic
viscosity, and char yield) clearly vary as a function of reaction conditions to a certain
degree; d) doubling the concentration did not afford any significant changes in all the
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Figure 1. spectra of PMVSEDA oligomers prepared under various reaction
conditions (Table 2). The signals indicated % asterisk are due to solvent
(m-xylene).
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Table 2. Summary of Results of the Polymerization ofDCMVS and EDA








I 1:2:0 69 63 3.8 62
n 1:1:2 68 73 6.5 60
in 1:1:5 71 66 4.4 63
IV 1:0.5:2 58 91 2.0 35
V 1:0.5:5 62 84 2.3 43
VI 1:1:2*^ 70 74 6.8 e
VII l:0.5:2t> 59 93 2.1 e
a: Donotes reaction conditions where the values are the ratios of DCMVS:EDA:TEA.
b: The concentrations of TEA (0.25 mol) and reactants (0.05 mol/10 ml) for VI and
Vn were twice of those for 11 and IV (0.25 molTEA, and 0.05mol EDA and DCMVS)
c: Denotes the % composition determined by dividing the proton signal intensity of
signals around 3 ppm (C, Fig. 1) by the total intensity of protons in the methylene
region (2.6-3.2 ppm); d: Determined by dilute solution measurement method (ml/g);
e: Not determined.
parameters (comparing those for oligomer II and V to those for oligomers VI and VII,
respectively, Table 2); d) more importantly, minor changes in microstructure and/or
functionality seem to result from different molar equivalents of TEA used as can be
gleaned from the differences in the spectra of oligomer I, II and III in Figure 1.
There is a relatively small signal at 0.49 ppm in the spectrum of oligomer 11 but not in
those for the others two oligomers; and e) the most significant changes in the
microstructure can definitely be obtained from the variation of monomer feed ratio.
When the monomer feed ratio was changed from 1:1 to 1:0.5 (oligomers III and V), as
can be gleaned from the Table, the % composition increases and both the intrinsic
viscosity and char yield decrease remarkably. Interestingly, a comparison of the
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parameters of oligomers II and in, and that of oligomers IV and V shows that the
increases in the amount of TEA would result in some changes in % composition
suggesting that some undetermined amount of EDA would trap HCl and precipitate out
of the reaction as salt instead of reacting with the silane if insufficient amount of TEA
is used.
It is very clear that the spectrum for/?=2 oligomer is very different from that
for the i?=l oligomer (Figure 1, III and V), as evidenced by the existence of two
unresolved signals at about 0.50 ppm for V and none for III in the same chemical shift
region. When oligomer V was treated with EDA or NH3, these two signals disappear,
as shown in Figure 2, indicating that these two signals must be associated with a
=Si(CH3)Cl functionality. This conclusion is consistent with the electron withdrawing
effect of the Cl atom since the signals appear at downfield from the rest of methyl
proton signals.
Figure 3,A shows the TGA curves of several oligomers prepared under different
reaction conditions. As can be gleaned from the Figure, there are essentially two major
stages of weight loss: in the ranges of 190-350 ®C and 460-800 ®C. The second weight
loss range seems to be the major one (about 25%) for those oligomers (I, II and III,
Table 2) having relatively high intrinsic viscosity and little or no proton NMR signal(s)
at 0.49 and 0.50 ppm while the first loss seems to be the major one (>45%) for those
oligomers (IV and V, Table 2) having relatively low intrinsic viscosity and high
intensity of proton NMR signals at 0.49 and 0.50 ppm. The observed behavior of TGA
curves suggests that the weight loss is directly related to the magnitude of the
molecular weights and the nature of the structures and/or functionality of the
oligomers. The relatively big weight loss (>45%) in the first stage for oligomers IV
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Figure 2 spectra of PMVSEDA oligomer for i?=2 (A), the products of the
ol^omer reacted with EDA (B) and NH3 (C). The signals indicated by asterisks are
due to solvent (m-xylene).
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WAVENUMBER
Figure 3. (A) TGA curves of various PMVSEDA oligomers (Table 2); (B) 1500-480 cm'^ region of
IR spectra of chars obtained from various PMVSEDA oligomeric precursors (Table 2).
and V is probably due to the combination of low molecular weight and high percentage
of Si-Cl functionality. Despite the differences in microstructures and char yield
between the samples, the IR spectra of the chars (Figure 3,B) are somewhat similar.
The IR spectra however cover the region where SiC and Si3N4 (and may be even Si02)
would absorb. Elemental analysis of a char from PMVSEDA oligomer HI (Table 2)
gave an empirical formula of Si^ 92N1 (in w%: Si, 42.48; C, 33.05; N, 20.09).
The NMR, TGA and intrinsic viscosity data, when taken as a whole, suggest
that varying the monomer feed ratio is the most effective way to control the
microstructures and/or functionality of these types of systems. Oligomers with
different microstructures and/or functionalities including =NH and/or Si-Cl can thus be
readily prepared by manipulating the monomer feed ratio, and that the polymer yields,
char yields and molecular weights of these oligomers appear to be direct functions of
the reaction conditions, namely, the monomer feed ratio. These results were, therefore,
interesting enough to warrant further pursuit of the approach and detailed structural
elucidation studies of all the systems that were to be investigated in this work. The
structural information generated from the detailed characterization should be very
helpful in the establishment of structure to property relationship in these systems.
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CHAPTER H. CHARACTERIZATION OF
POLYDIMETHYLSILYLETHYLELEDIAMINES
Since molecular-level characterization of ceramic precursors was a primary
thrust of this thesis work, the PDMSEDA system was selected as a model system to
compile a "data base" of structural information that would aid in the detailed
characterization of the family of ceramic precursors to be investigated (the rationale for
the selection of PDMSEDA as a model system and for the need for ^^Si NMR data on
ceramic precursors is provided in Appendix D). PDMSEDA oligomers were thus
synthesized using various molar feed ratios and the oligomers were characterized by IR
and and ^^Si NMR spectroscopy (in one and two dimensions). This effort led
to identification of the backbone compositions (cyclic, acyclic, bridge, etc.) and the
nature of the functionalities (NH, NH2, SiCl) of the various oligomers. From the NMR
spectral characteristics and the compiled NMR chemical shift data, a reasonable
correlation of polymer/oligomer microstructure with monomer feed ratio could be
made and such information was later found to be very useful in characterizing other
preceramic telechelic oligomers. This chapter will thus present a detailed discussion of
the spectroscopic characterization of the PDMSEDA systems and how the information
obtained from this study was valuable for the characterization of other systems will be
demonstrated in latter chapters.
Background Information. The approach that was used to characterize the^
PDMSEDA oligomers was to first characterize the R=1 PDMSEDA oligomer and then
use the data obtained for this oligomer as background information for the purposes of
characterizing other oligomers prepared from various monomer feed ratios. The
characterization of the R=\ oligomer was aided by available literature data due to the
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works by Rochow and Kummer,^ Cragg and and Abrahams.-'’-"'
These information found from the literature facilitated the characterization of








N N — Si-
^Si" ■
/ \ / \
"Average" Proposed Structure
Acyclic
Figure 4. Putative and "average" proposed structures of PDMSEDA
the putative structure will be the one that will be predicted to be obtained from simple
condensation of the monomers. The early work by Rochow and Kummer^ (who first
synthesized the polymer in the early 1960’s), and recently confirmed by Abrahams of
our group, indicated that the polymer contained a significant fraction of cyclic
structures. The other structure in Figure 4 labelled "average proposed structure"
consists of cyclic, acyclic and bridge moieties. The structure as indicated represents
the experimentally observed cyclic and acyclic composition but the sequence of cyclic
and acyclic moieties can not be limited to what is shown in the Figure. For this reason,
the structure shown represents only an "average" composition (about 70% cyclic for
DCDMS:EDA = 1:2 ratio, as reported)-'’-"’’®^ and a sequence out of some possible ones.
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It was found by Rochow and Kummer^ that there were two signals (2.93
and 2.63 ppm) in the methylene region of the oligomer (estimated molecular weight of
2000)®® prepared with a 1:2 ratio (DCDMS:EDA). Upon comparing these two
chemical shifts with those of model compounds bis(trimethylsilylethyl)enediamine and









contained acyclic as well as acyclic structures. They assigned the signal at 2.63
ppm to the acyclic methylene moieties, and the one at 2.93 ppm to that of the cyclic
moieties of the oligomer, respectively.®® Abrahams of our group-^-*' further investigated
these polymer systems by FT-IR and -^Si NMR (one and two dimensional)
spectroscopy, and found valuable structural information. Based on Rochow’s findings
and the fact that the strain of the ring structure will shift downfield the -^Si signal,^'^'^-*’
he tentatively assigned the three major ^^Si signals, in the -^Si NMR spectrum for
oligomer prepared by 1:2 ratio (DCDMS:EDA), at 11.55 ppm, -8.40 ppm, and -10.09
ppm to be those of cyclic, acyclic, and bridge moieties, respectively.Abrahams’
assignments were tentative because of the inadvertent hydrolysis that seemed to have
occurred. His assignments were, however, found to be consistent with that of Cragg
and Ma who prepared and studied several model compounds (Table 3).*‘^^’^°“
Although no triethylamine was used in the Rochow and Kummer,®® and
Abrahams'’-*’ cases that had been reported, the microstructures of the oligomer obtained
in this work did not seem to change very much, as evidenced by the similarity of the
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Table 3. Reported NMR Chemical Shifts for Bis(l,3,2-Di-
azasilacyclopentyl)dimethylsilane (ppm)
3 4






1 2 3 4 5 6 7
13C -0.87 0.19 44.31 53.49 33.84
^Si .9.51 10.63
spectrum obtained for the oligomer with R=l in this work (Figure 5) and that reported
by Abrahams.^-*’ There are, for example, two signals in the -CH2-CH2- region with
chemical shifts of 3.03 and 2.67 ppm, respectively. Another example would be the
three ^^Si NMR resonances observed at 11.60, -8.46 and -10.12 ppm.
NMR Characterization of Oligomer for R =1. Using the above background
information, the detailed characterization of the i?=l oligomer was undertaken using
data obtained from ID and 2D NMR experiments. This progressed by initially
assigning the ^^Si NMR signals in Figure 5. It was earlier indicated that the work of
Kummer and Rochow®® on model compounds showed that the cyclic and acyclic
-CH2-CH2- proton signals appeared at 3 and 2.65 ppm, respectively. Similarly, Cragg
and Ma^®^'^®3 ijaj] shown that for the model compound they synthesized,
bis(l,3,2-diazasilacycloalkyl)dimethylsilane, the cyclic and the bridge dimethylsilyl Si
atoms appeared at 10.63 and -9.51 ppm, respectively. We have also obtained the -^Si
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Figure 5. and NMR spectra of PDMSEDA oligomer for R=l. The
signals indicated by an asterisk are due to solvent (m-xylene). The labels a, b and c
denote acyclic, bridge, and cyclic, respectively.
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NMR spectrum of the commercially available bis(monoethylamino)dimethylsilane
which has a ^^Si chemical shift of -8.6 ppm. Consistent with these findings, the ^^Si
NMR signals in Figure 5 can be assigned to cyclic (11.6 ppm), acyclic (-8.46 ppm), and
bridge (-10.12 ppm). These assignments were further confirmed by analyzing the
^Si-^H chemical shift correlated spectra in Figure 6 and 7 . Figure 6 shows correlation
between the signal at 3.03 ppm (10’) and the ^^Si signal at 11.6 ppm (1). Since the
former has been assigned as cyclic by Kummer and Rochow®®, the cyclic ^Si signal is
thus assigned. The assignment of the ^Si signal at -8.36 ppm (2) can be confirmed
using Figure 7 which shows correlation between this signal and the already assigned
acyclic -CH2-CH2- proton signals centered at 2.65 ppm (12’). Furthermore, as can be
seen in the expanded 2D plot of Figure 6B, the proton signal at 0.12 ppm (11’) is due to
the ring methyl (note the correlation with the ring Si (1)). Similarly, the signals at 0.08
ppm (14’) and 0.03 ppm (13’) correlate with the ^^Si Si signals at -10.12 (2) and -8.46
(3) ppm, respectively. Hence, these proton signals are due to the bridge and acyclic
moieties, respectively.
Using the known assignments of the proton spectrum and the correlations
observed in the 2D correlated spectra in Figure 8, assignments of the
signals for /?=1 oligomer can be made. There are: cyclic and acyclic -CH2-CH2- at
46.13 and 44.98 ppm, signals 10 and 12, respectively; and ring, bridge and acyclic CH3
groups at 3.25, -0.49 and -0.97 ppm (signals 11,14 and 13, Figure 8B) respectively.
PDMSEDA Oligomers of Various Ratios. Having characterized the R=1
oligomer, the spectra of the oligomers prepared from varying monomer feed ratios (R)
were analyzed to determine their microstructure and to identify the nature of the






Figure 6A. 2D COSY spectrum of PDMSEDA oligomer for /?=!. The
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Figure 6B. 2D COSY spectrum of PDMSEDA oligomer for R=l expanded
on FI dimension (CHj region).






















Figure 7. -^Si-^H 2D COSY spectrum of PDMSEDA oligomer for i?=0.66. The
signal indicated by an asterisk is due to solvent (m-xylene). The inset is a matrix
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Figure 8A. 2D COSY spectrum of PDMSEDA oligomer for /?=!. The signal





























Figure 8B. 2D COSY spectrum of PDMSEDA oligomer for R=l expanded
on FI dimension (CH^ region).
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Figure 9. 3600-2580 cnr^ region of the IR spectra of various PDMSEDA oligomers
(R= 0.67, 1, 1.33, 2 and 2.5 for I, II, HI, IV and V, respectively).
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2490cm'^) of the IR spectra (a complete IR spectrum for oligomer II is shown in
Appendix E) of PDMSEDA prepared from the various ratios (R) indicated in the
Figure. No =NH or -NH2 is observed for oligomer V; oligomers III and IV show -NH
(3406 cm*^) functionality; both =NH and -NH2 (3315 cm*^) are however observed for
oligomer I and 11.
Figure 10, 11 and 12 show the and ^Si NMR spectra, respectively, of
the oligomers. In every cases, the changes in spectral characteristics are clearly
evident. In particular, the spectra for oligomers IV and V (ratio of 1:0.5 and 1:0.4)
show the greatest changes. More specifically, the signals at 0.47 and 0.48 ppm in
Figure 10 and ^Si signals in the range of 10-16 ppm in Figure 12 are very different
from the spectra for other ratios. The proton signals at 0.47 and 0.48 ppm can be
assigned to methyl protons of the -(CH3)2SiCl functionality. As discussed before, this
assignment is consistent with the electron-withdrawing effect of the Cl atom, and
reacting an oligomer of this ratio with EDA or NH3 results in the disappearance of the
proton signals, thus providing additional supporting evidence for a Si-Cl functionality.
The signal at 0.47 ppm, and minor but significant changes in the and
^Si spectra are observed in the spectra for oligomer III (/?=!.33) which strongly
suggested that a ratio of about/?=1.33 is necessary to obtain Si-Cl functionalities in the
oligomers. The ^^Si signal at about 13.5 ppm (8 in Figure 12) is downfield from the
cyclic ^Si signal at 11.6 ppm (5 in Figure 12). This signal may therefore arise as a
result of the perturbation of the electronic structure and/or geometry of the ring system
by the Si-Cl functionality. This is more evident in the spectra for oligomers IV and V
which contain more Si-Cl functionality.
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Figure 10. spectra of various PDMSEDA oligomers (R= 0.67, 1, 1.33, 2 and 2.5 for
I, II, ni, IV and V, respectively).
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Figure 11. spectra of various PDMSEDA oligomers (R= 0.67, 1, 1.33, 2 and 2.5 for
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Figure 12. spectra of various PDMSEDA oligomers (R= 0.67, 1, 1.33, 2 and 2.5 for
I, II, ni, IV and V, respectively).
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2D Spectra of Oligomer V, The 2D COSY spectra of oligomer V are
shown in Figure 13. The signals 18’ and 22’ (at 0.48 and 0.47 ppm) have been
assigned to -(CH3)2SiCl functionalities. As is evident from the Figure, the observed
correlation between these proton signals and the ^^Si signals 6 and 9 (at 11.5 and 10.7
ppm) respectively, allows the assignment of the ^^Si signals to -(CH3)2SiCl
functionalities. Correlations are also observed between 16’ and 4; 17’ and 5; 19’ and 7
(also 7*). Only signals 6 and 9 correlate with CH3Si-Cl signals at 0.47 and 0.48
ppm (Figure 13B). This allows the assignment of 6 and 9 (Figure 13B) to Si-Cl; and, 4
and 8 must be due to ring moieties adjacent to an Si-Cl functionality. Closer
examination of the ^^Si NMR spectra in Figures 12 and 13 (also 18, vide infra) show
that signals 6 and 9 are associated with signals 4 and 8 , respectively. Having assigned
signals 6 and 9 to Si-Cl, the assignment of 4 and 8 to Si atom 4 and 8 in segment C (or
C*) and D, respectively (Figure 14), is reasonable since the Cl atom in segment C (or
C*) and D should lead to signals downfield from that for atom 1 (segment A) or 5
(segment C*). Segment C* is simply a combination of segments C and E, and Si atom
5 is assigned a chemical shift that is very similar to that of 1 in segment A.
The 2D COSY spectra are also given in Figure 15 . For the methylene
region (Figure 15B), correlations are observed between 15’ and 15; 20’ and 20; c’ and
c in the F2 and Fj dimensions respectively. For methyl region (Figure 15C),
correlations are observed between 17’ and 17; 19’ and 19, 21’ and 21, in the F2 and Fj
dimensions, respectively. In the latter case, some correlations could only be gleaned
from the analysis of 2D slices due to the relatively poor resolution. These correlations
are the ones between signals 18’ or 22’ and the ^^C signals at 2.75 and 2.78 ppm (18
and 22); signal 16’ and the ^-^C signal at 2.85 ppm (16), respectively (Figure 16).
The ^-^C signals in this case apparently overlapped around 2.75 to 2.85 ppm. The
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Figure 13A. ^Si-^H 2D COSY spectrum of PDMSEDA oligomer for R=2.5. The













Figure 13B. 29si.iH 2D COSY spectrum of PDMSEDA oligomer for ^=2 5
expanded on FI dimension (CH3 region). The insets are the matrix rows of Si

































































Figure 14. Possible/proposed functional groups and backbone compositions
Ri= CH3 R2 = H, CH3 and CH=CH2
Cl
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Figure 15A. 2D COSY spectrum of PDMSEDA oligomer for R=2.5. The





Figure 15B. 2D COSY spectrum of PDMSEDA oligomer for R=2.5
expanded on FI and F2 dimensions (-CH2CH2- region).
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Figure 15C. 2D COSY spectrum of PDMSEDA oligomer for R=2 5
expanded on Fl and F2 dimensions (CH^ region).
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Figure 16. Slice analysis of 2D COSY spectrum of PDMSEDA oligomer for
R=2.5. Cross sections parallel to the F1(A) or F2(B) axes at the ^H(A) or ^^C(B)
chemical shifts of the projection peaks, respectively.
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assignments of signals at 2.94 ppm and 0.13 ppm to 10’ and 17’, respectively, in
Figure 15B and 15C were confirmed by a -^Si-^H 2D COSY spectrum of oligomer IV
(Figure 17), in which the signal was found to correlate with ^^Si signal at 11.6 ppm
(1). These 2D spectra, however, did not warrant detailed assignments of oligomer V
and additional information was thus needed for the structural elucidation of oligomer
V. The spectroscopic data presented above, nonetheless, demonstrated how the
microstructures of the telechelic oligomers with -NH2 and =NH or Si-Cl functional
groups can be controlled by varying the monomer feed-ratio. The oligomers prepared
this way should also be useful for postpolymerization modifications as a means of
controlling the microstructure and the composition of the oligomers.
Postpolymerization Modiflcation. It can be accomplished, for example, by
starting with a certain monomer feed ratio R, which results in an oligomer of a specific
functionality, and reacting the resulting oligomer with the appropriate monomer (in a
stepwise manner). Two sets of stepwise experiments were conducted; a) to explore the
possibility of postpolymerization modification of certain oligomers; and b) to gather
additional information for the detailed assignments of oligomer V. -^Si spectra taken
after stepwise reaction are presented in Figure 18. The bottom spectrum in Figure 18A
is for the starting oligomer with i?=l. When this oligomer (with -NH2 and =NH
functionalities. Figure 9) was treated with DCDMS (stepwise), the backbone structure
and the functional groups of the oligomer, as can be gleaned from the spectra, were
gradually transformed to resemble that of oligomer V (Figure 12). Figure 18B shows
the results obtained when a starting oligomer for R=2.5 is treated with EDA (stepwise).
The microstructure of the final oligomer in this case resembles that of oligomer II
(Figure 12). It is, thus, evident from the analysis of the data in Figure 18 that the
oligomers are reactive toward appropriate monomers, and an oligomer akin in structure
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Figure 17. 2D COSY spectrum of PDMSEDA oligomer for/?=2. The signal
indicated by an asterisk is due to solvent (m-xylene).
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Figure 18. NMR spectra of stepwise postpolymerization of PDMSEDA oligomers.
R=1 for set A, bottom spectrum and R=2.5 for set B, bottom spectrum.
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to that for R=l can be converted to an oligomer with structure akin to that for R=2.5
and vice versa.
Rationalization of Assignments for Oligomer V. The data generated from
these postpolymerization modification experiments, especially the modification of the
performed i?=l oligomer, provided additional information for elucidating the rather
complicated microstructure of oligomer V. The microstructure of the R=1 oligomer
has already been elucidated and it contains primarily segments A and B (Figure 14).
Of these, only the =NH functionalities of B can react with DCDMS. Reaction of
segment B with one equivalent of DCDMS should lead to segment J or K (Figure
19A). Further reaction with another equivalent of DCDMS will lead to segment L.
Under certain reaction condition (such as warming to 80 ®C for 30 minutes) segment J
and/or K can undergo intramolecular cyclization (leading to a ring structure) or cross
linking reaction (leading to an acyclic structure). When there is sufficiently excess
DCDMS (as is the case for R=2.5), one can thus easily envision how segments like B
(Figure 19A) can be converted to segments like L.
The Si-Cl functionality in segment C (Figure 14, cf. segment O in Figure 19B)
can be obtained from segment F (Figure 14), which can be an end group or a side
chain, as shown in Figure 19B. Reaction of F with one equivalent of DCDMS can give
M and/or N; intramolecular cyclization of M and/or N should lead to segment H which
can then react with one equivalent ofDCDMS giving segment O. M and/or N can also
react with one equivalent of DCDMS each to give P and Q, respectively. P and/or Q
can now react with one equivalent of DCDMS each to give segment R; or,
intramolecular cyclization of P and/or Q should lead to O. It is therefore obvious how
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Figure 19. Proposed reactions during the postpolymerization modincation of oligomer II with DCDMS
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O).
Since there is no =NH or -NH2 functionality in oligomer V, segment F - K, M,
N, P and Q can be ruled out as constituents of oligomer V. The ^^Si spectrum of
oligomer V (Figure 12) and oligomer II after modification with DCDMS (Figure 18A)
are similar except for differences in signal intensity, and the foregoing discussion
rationalized how segments like that of C and D can be obtained from oligomer II.
Furthermore, an analysis of the changes in spectroscopic characteristics of oligomer V
upon reacting with EDA (Figure 18B) strongly suggested that the ^^Si signals at 15.33
and 11.15 ppm are associated with each other, as are the signals around 13.5 and 10.7
ppm, consistent with the data observed in the spectra of oligomers prepared from
various monomer feed ratio (Figure 12). With the IR and NMR data taken as a whole,
it is reasonable to conclude that oligomer V should be mainly composed of segments C
and D, not only because they resemble segments O and L, respectively, but also
because the chemical shifts of both Si atoms on the Si-Cl functionality and the adjacent
ring can be expected to change simultaneous, when the Si-Cl functionalities are reacted
with EDA as illustrated in Figure 20. From the chemical shift data, -^Si signals 4 and 8
(15.33 and 13.5 ppm, respectively, Figure 13A), signals 16 and 21 (2.78 and 3.1
ppm, respectively. Figure 15B), signals 16’ and 21’ (0.25 and 0.19 ppm
respectively, Figure 15B) were all found to be downfield to those signals for cyclic
moieties (^Si: 1 (11.6 ppm); ^-’C: 11 (3.25 ppm); ^H: 11’ (0.12 ppm)), consistent with
the electron withdrawing effect of the Cl atom and the above reasonings.
Backbone Compositions and Functional Groups of PDMSEDA Oligomers.
The results of these two sets (various monomer feed-ratios and stepwise) of
experiments clearly demonstrated that the microstructures and/or backbone
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Figure 20. Reactive functionalities of oligomer V and their possible reaction with
EDA, the ^^Si signals of the Si atoms indicated by asterisks should be
affected simultaneously
compositions, for example, the cyclic to acyclic ratio of the oligomers can be controlled
by manipulating reaction conditions, either by varying the monomer feed ratio or by
stepwise addition of appropriate monomers. The variation in backbone
structure/composition and functional group can be accounted for, by and large, by a
combination of the structural segments shown in Figure 14 and 19. The backbone and
functional group composition for each R are summarized in Table 4. For example,
oligomer 11, has primarily a composition of 69% cyclic moieties and can be represented
by segments A and B (Figure 14) as major and minor components, respectively, of the
backbone. However, it may also contain isolated rings and branches represented by
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A B C D E F G H
I 0.67 + ++ - ++ + + ?c
11 1 +++ ++ - - + + + ?c
111 1.33 +++ + - + + + + ?c
IV 2 + + ++ ++ + - - -
V 2.5 - - +++ +++ + - - -
“ Entries with more pluses represent major components. ^ Relatively small to minimal, larger than
5-membered ring moieties may also be present. ^ Proposed to be present but not experimentally
observed.
Table 4. Summary of Backbone Composition and Functional Groups ofOligomer.
B. Functional groups and other relevant data







I 50 ++ + - 0 0.9 : 0.4 : 1
II 69 ++ + - 0 0.6 : 0.6 : 1
III 89 + - + 2 0.2 : 0.8 ; 1
IV ?d + - ++ 24 0.7 ; P
V ?d - - +++ 39 0.4 : P
^ Determined from signal integration of the methylene region. Estimated from integration of
signals 18’ and 22’. Determined from integration of the methyl region of the spectra in Fig. 5;
ratios correspond to groups of signals that correspond to the ratio acyclic(13’) : bridge(14’) : ring
(11’). Was not determinable. ® Ratio corresponds to (acyclic + bridge): ring
segment E and G, respectively, though the composition of these segments should be
very minimal. Since -NH2 is observed by IR, the oligomer should also contain segment
F. And there is no, however, conclusive evidence to either rule out or prove the
presence of segment H. Oligomer I is similar to II but has only 50% cyclic moieties
and thus contain more of segment B. As a result, it can be expected to have a greater
fraction of segment E (isolated ring). That this is so is evident in the proton spectra in
Figure 11 and the data in Table 4 which show the relative intensities of signals 11’
(ring), 14’ (bridge) and 13’ (acyclic). Other segment that are probably present but in
small amounts are also indicated in Table 4. Oligomer IV and V contain the Si-Cl
functionality which shifts the acyclic methylene (-CH2-CH2-) signals downfield to
the region where the cyclic methylene (-CH2-CH2-) signals appear. It is not
therefore possible to calculate the cyclicracyclic ratio for these oligomers using the
methylene region. Judging from the intensity of ^^Si signal 5 (Figure 12), however,
these two oligomer should contain some amount of segments A and/or E, and
predominantly segments C and D. Discussion rationalizing why oligomers IV and V
should have segments C and D has been provided in above sections. Integration of
proton signals 18’ and 22’ should allow one to estimate the Si-Cl contents, and these
were found to be about 24 and 38% for oligomers FV and V, respectively.
The data presented, when taken in totality, should enable one to propose
representative structures for the oligomers using combinations of segments and
functional groups presented in Figure 14 and 19, although the exact sequence of
segments and positions of the functional groups can not be gleaned from the data. The
proposed average structure of oligomer II is given in Figure 4. Proposed average
structures are also presented for oligomers IV and V in Figure 21. The structures
presented in Figure 21A, 1 and B,1 are proposed to be major forms of oligomers IV and
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Figure 21. Examples of possible/proposed "average" structures for oligomers IV and V. These are the most
structures consistent with NMR signal intensity integration data, while the IR does show a trace amount
of =NH functionality in oligomer IV. The bold letters A, C, D and E represent functional groups or backbone
compositions in Fig. 14. Y represents unspecific end groups such as C(Fig. 14) or possible R (Fig. 19,B), or
Si-CI.
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V, respectively. Structures similar to those presented in Figure 21A,2 and B,2 must
however be present to account for most of the data presented.
Chemical Shifts and Assignments. The ^H, and ^^Si chemical shifts of the
various signals are summarized in Table 5. The signals are identified by the type of
moiety (ring, acyclic or bridge) they represent. When used in the conjunction with
Figure 14 and 19, and the various spectra discussed above, the Table summarizes the
assignments made. The entries in the Table 5 are also designed to show the correlations
observed firom the 2D NMR experiments. For example, the first entry shows the
^Si-^H correlation between Si atom 1 and both proton 10’ and 11’ in segment A
(Figure 14) similarly, the Table is intended to show that, for example, proton 10’
correlates with carbon 10 (Figure 14), and so on.
Conclusion. In summary, varying monomer feed ratios and stepwise reaction
methods were developed and proved efficient, not only in the manipulation of
microstructures and/or backbone structures of the PDMSEDA system, but also in
generating structural information for the detailed characterization. By using these two
experimental methods and the combination of IR and NMR data, the microstructures
and/or backbone composition of PDMSEDA were elucidated in detail.
Although the PDMSEDA system has no value as a ceramic precursor (char
yield of 5%), it has served to illustrate that a rather simple approach that involves
controlled conventional condensation reaction can be available for the synthesis of
ceramic precursors and for the development of a "data base" for precursor chemistry.
Some of the advantages of the methodology and approach can be: a) an ability to vary
the composition of the precursor by a large measure; b) maximization of the probability
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Table 5. ^H, ^C, Chemical Shifts and Assignments.
moiety^ 29si iHh 13ch
segment*’®
(Fig. 14)agn cs agn CS agn CS
10’ 2.91-3.02*^ 10 46.13*^
nng 1 11^ 11’ 0.12 11 3.25
A
12’ 239,2.75*^ 12 44.98*^acyc 2 -8.46 13’ 0.03,0.06 13 -0.97 B




15’ 3.14^ 15 46.16*^
ring 4 15J3 16’ 0.25 16 2.85
ring 5 11.40,11.80 17’ 0.13 17 333
. C
func 6 11.15 18’ 0.48 18 2.78
brid
7 -9J6
19’ 0.07-0.12 19 - 0.49
7 -9.75
20’ 3.01,3.03^ 20 45.77*’
ring 8 13.53,13.58 21’ 0.19 21 3.1
func 9 10.7 22’ 0.47 22 2.75
, D
c’ 3.07,3.09*’ c 46.53*^
0 £
acyc, bnd and func refer to acyclic, bridge and functional group, respectively; The last column assigns the
segment to which a given moiety or functional group belongs. For example, the first entry is for a ring moiety in
segment A (Fig. 14) with signal 1 (^%i), 10 and 11 (^^C), and 10’ and 11’ (^H). The first entry is alos designed to
29 1
show the Si- H correlation of Si atom 1 with methylene protons 10’ and with methyl protons 11’, as well as the
correlations between methylene proton 10’ and carbon 10, and between proton 11’ and carbon 11 of methyl
f 1 1
group; Chemical shifts are for methylene protons and carbons; all other H and C chemical shifts are due to
methyl groups; S Only Si and C atoms are indicated by the numbers in Fig. 14; an H atom attached to a given
C atom is indicated by the number of that C atom with a comma (in this Table), or a prime (in the text);
signals a, b (Figure 11,B), c and 20 (Figure 15,B), and signals c’ and 20’ (Figure 15, B) have not been assigned
definitively, but a and b probably are due to segment F (Fig. 14), and the tentative assignments of c and 20, as well
as that of c’ and 20’ are probably interchangeable.
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of obtaining char yields with uniform composition; c) suitability for maximizing the
molecular weight of the polymer precursor; d) the ability to control the reaction and/or
the microstructure of the oligomers. The latter can, in turn, enable the preparation of
suitable and processable precursors for composite ceramic powders/fibers, i.e., the
pendant, intrachain and end-reactive oligomers should prove useful in the preparation
of block and/or graft copolymers, in modification and/or cross-linking reaction, etc.
The data presented here also illustrate that a combination of IR and
multinuclear/multidimensional NMR techniques can be extremely valuable for
unraveling structural information in hybrid organosilazane/silylamine systems,
information that will certainly be needed to extend the "data base" for precursor
chemistry. These structural information and controlled approaches will be extended to
other systems that can serve as ceramic precursors such as PMVSEDA and PMSEDA
systems in the following chapters.
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CHAPTER HI. CHARACTERIZATION OF
POLYMETHYLVINYLSILYLETHYLENEDIAMINES
Having characterized the PDMSEDA system in some detail, we wanted to
extend the approaches used to prepare PDMSEDA oligomers with different
microstructures and/or functional groups to other systems, and because preliminary
TGA results indicated that the PMVSEDA system can give reasonable char yields
(>60% at 1000 ®C, 10 ®C/min) for/?=!, this system was investigated in more detail to
explore the utility of this system as hybrid organosilazane/silylamine telechelic ceramic
precursor. In this chapter, the detailed NMR and IR characterization of PMVSEDA
oligomers, TGA and elemental analyses on selected oligomers, as well as intrinsic
viscosity measurements and results of postpolymerization modification of some
oligomers will be discussed.
NMR CHARACTERIZATION. Oligomer Prepared from /?=!. Figure 22
shows the ^H, and ^^Si NMR spectra of PMVSEDA (with R=l) and some
similarity of these spectra to those of PDMSEDA prepared under the same condition
(Figure 5) can be gleaned from the Figures. When the chemical shifts for PMVSEDA
(tentatively assigned) are compared with those for the PDMSEDA oligomer (i?=l),
(Table 6), one can easily find that while most of the chemical shifts of the proton
resonances, especially in the methylene region, are about the same in both systems,
considerable differences are observed particularly in the values of the -^Si chemical
shifts. Due to the change in silyl group from >Si(CH3)2 to -(CH2=CH)Si(CH3)-, all
three ^Si signals are shifted upfield. The observed differences, in the cases of ^^Si and
^^C chemicals shifts, are to be expected because NMR is less sensitive to changes in
electronic environment.^'* ’®'^ ’H NMR should also be less sensitive to changes in
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Figure 22. ^H, and NMR spectra of PMVSEDA oligomer for i?=l. The
signals indicated by asterisks are due to solvent (m-xylene).
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Table 6. A Comparison of ^H, and NMR Chemical Shifts (ppm) of PDMSEDA
and PMVSEDA Oligomers Prepared under the Same Reaction Condition (R=l)
Moiety
29Si 12C
PDM^ PMV’ PDM^ PMVt’ PDM^ PMVb
















Brid -10.12 -18.5 0.09 0.08 -0.49 -2.35
Vinyl - 5.4-6.2 131,138,140
PDM = PDMSEDA, previoursly assigned; PMV = PMVSEDA, tentatively
assigned by comparison.
microstructure, and thus the resonances for PMVSEDA at 3.01 and 2.64 ppm were
assigned to cyclic and acyclic methylene moieties, respectively, i.e., as in PDMSEDA
for which the assignments were made on the basis of comparison with model
compounds.^ The assignments made on the basis of comparison with the already
characterized PDMSEDA system were therefore very essential to facilitate the detailed
characterization of the PMVSEDA systems.
The ^^Si-^H 2D correlated spectrum in Figure 23 shows the silicon signals at
0.42 and -17.66 ppm (1 and 3, respectively) correlate with proton signals at 3.01 and
2.64 ppm. Since the proton resonances have been assigned to the cyclic and acyclic
moieties, respectively, ^Si signals 1 and 3, can be assigned to cyclic (0.42 ppm),
acyclic (-17.66 ppm) structures, respectively. The remaining ^^Si signal at -18.5 ppm is
assigned to a bridge moiety as in the PDMSEDA system. Based on its correlation with
the assigned ^Si signal at 0.42 ppm (cyclic), the methyl at 0.22 ppm is assigned as
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Figure 23. 2D COSY spectrum of PDMSEDA oligomer with R=l. The
signal indicated by an asterisk is due to solvent (m-xylene).
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cyclic. The 2D plot shows that both ^Si signals at -17.66 and -18.5 ppm correlated
with the proton signals in the range of 0.06-0.1 ppm. Analysis of 2D slices, however,
failed to show which proton correlates with which silicon as a result of the poor
resolution in the proton spectrum (F^ dimension).
Oligomer Prepared from R=2.5. Figure 24 shows and ^^Si NMR spectra
of PDMSEDA and PMVSEDA for both of which R=2.5. It is immediately evident
from the comparison of these spectra that there are very clear patterns. First, both the
chemical shift ranges and spectral characteristics of the methylene regions in the two
oligomers are very similar; second, the proton signals at about 0.5 ppm are present in
both - these have already been assigned to Si-Cl functionality in PDMSEDA system;
third, the patterns of the downfield ^^Si NMR spectra have considerable similarity
except that the chemical shift ranges are different. This comparison strongly suggests
that the microstructures and the nature of the functional groups in the two oligomers
must be very similar if not identical.
This conclusion is further supported by -^Si NMR data for PMVSEDA
oligomers prepared with various values of R and data from postpolymerization
reactions using PMVSEDA’s of R =1 and R=2.5 (both to be discussed latter, vide
infra). It is therefore reasonable and/or valid to use the data base of structural
information gathered on the PDMSEDA system to interpret the spectra of the
PMVSEDA oligomers.
Figure 25A shows a ^^Si-^H 2D spectrum of a R=2.5 oligomer. The signals
at 0.49 and 0.50 ppm (which have been assigned to Si-Cl functionality in the
PDMSEDA systems) are found to correlate with a group of -^Si signals in the range of
81
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Figure 24. (A) spectra of PDMSEDA (I) and PMVSEDA (II, omitting the vinylregion) oligomers for R=2.5 (the signals indicated by an asterisk are due to solvent
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Figure 25A. 2D COSY spectrum for PMVSEDA oligomer for R=2.5. The
signal indicated by an asterisk is due to solvent (m-xylene).
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-0.96 to -1.43 ppm (Figure 25A). The latter can thus be assigned to Si-Cl functionality.
Similarly (using the data base of structural information gathered on the PDMSEDA
system, as discussed previously) the other ^Si signals at 2.69 (4), 1.56 (8), and -18.5
(7) ppm can be assigned to atoms 4, 8, and 7 in segments C and C* (Figure 14 and
Figure 25A), respectively. Other methyl H’s can be easily assigned on the basis of
their correlations with assigned ^^Si signals: the ones at 0.11 ppm correlate with the
acyclic and bridge silicon atoms (-18.5 ppm. Figure 25B) and thus are due to these
moieties but because of the lack of resolution in the dimension, it was not possible
to definitively distinguish the acyclic from the bridge; and the ones centered at 0.34 and
0.28 ppm are due to cyclic structures because they correlate with ^^Si signals of cyclic
moieties (2.69 and 1.56 ppm). Due to the complicated and unresolved nature, the vinyl
signals in the range of 6.20-5.60 ppm can not be assigned in detail in both cases
(/?=1 and 2.5).
One key correlation observed in Figure 25C is that between the signal at
3.15 ppm and the ^^Si signals at 2.69 ppm (4) as well as the pair in the range of -0.96
and -1.15 ppm. This correlation not only indicates these two groups of -^Si signals are
related as assigned (Figure 14, 4 and 6), but also distinguishes structure C from D
(Figure 14) because it is only in segment C the methylene protons (15’) are of similar
bond distance to both the silicon atoms of the ring and the Si-Cl functional group (4
and 6, respectively, Figure 14).
and 2D COSY Spectra.
^C Spectra of Vinyl Carbons. The ^-^C spectrum of the R=1 PMVSEDA
oligomer has been shown in Figure 21 and three resonances are observed in the vinyl
region. Figure 26A shows the 125-145 ppm range of the broadband decoupled and
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Figure 25B. COSY spectrum for PMVSEDA oligomer for R=2.5 expanded
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Figure 25C. COSY spectrum for PMVSEDA oligomer for R=2.5 expanded
FI (-CH-,CH2- region) and F2 (downfield region) dimensions.
Figure 26A and B. (A) 125-145 ppm range of the broadband decoupled (I) and coupled
(II) spectra of PMVSEDA oligomer for /?=1; (B) 128-145 ppm range of the
broadband decoupled spectra of PMVSEDA oligomers for i?=l (I) and 2.5 (II).
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coupled spectra of this oligomer. The coupling pattern allows the assignment
of the signal at 131.52 ppm to =CH2 because of its triplet coupling pattern and the
signals at 138.11 and 140.48 ppm to -CH= because of their doublet coupling pattern.
The fact that only one signal was observed for the =CH2 carbon may be because it
is insensitive to structural differences due to ring, bridge or acyclic structures since it is
relatively far away from the silicon atom (being at the beta position). The -CH= carbon
of the vinyl group is closer, on the other hand, to the silicon atom (being at the alpha
position), and thus, might be more sensitive to the environmental differences. While
one of the -CH= carbon signals can be speculated to represent bridge and acyclic
moieties (with the signals overlapping, since the acyclic and bridge ^Si signals of these
moieties are very close to each other. Figure 22) and the other one to represent the
cyclic moiety; no definitive assignment as to which signal represents which structure
can be made at this time.
The assignment of the vinyl signals for PMVSEDA oligomer with R=2.5,
however, was rather difficult. Unlike the R=1 case, there are at least 11 resonances in
the vinyl region for the R=2.5 oligomer as shown in Figure 26B (II). Since this
structural variation was rather striking, it was of interest to investigate the spectra of
some model compounds. Figure 26C shows the 130-140 ppm range of the broadband
decoupled and coupled spectra of DCMVS (monomer for PMVSEDA). The signals at
133.34 and 136.75 ppm of the decoupled spectrum can be assigned to the -CH= and
=CH2 carbons of vinyl group, respectively, because of their respective doublet and
triplet coupling patterns in the corresponding coupled spectrum. The positions were
reversed in the l,3,5-trimethyl-l,3,5-trivinyltrisilazane (TMVS) case, shown in the
127-144 ppm range of the broadband decoupled and coupled spectra in Figure 26,D,
where the 131.05 and 141.17 ppm signals can be assigned to =CH2 and -CH= carbons
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Figure 26C and D. (C) 130-140 ppm range of the broadband decoupled (I) and coupled
(II) spectra of DMVS; (D) 127-144 ppm range of the broadband decoupled (I) and
coupled (II) spectra of TMVS.
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of the vinyl group, respectively, again based on their coupling pattern with protons.
The chemical shifts and coupling constants of these two model compounds and those of
the PMVSEDA oligomer for i?=l are listed in Table 7 (excluding the methyl carbons).
Table 7. Chemical Shifts (ppm) and Coupling Constants (Hz) of
DCMVS, TMVS, and PMVSEDA (R=l)
Chemical Shifts Coupling Constant
DM^ TM’’ PM^ DM^ TM® PM'^





=CH2 136.75 131.05 131.52 162.76 152.34 155.36
a: DMVS; b: TMVS; c: PMVSEDA oligomer with/?=!.
Several conclusions can be made on the basis of the data provided in the Table: a) the
assignment of the signal at 131.52 ppm to the =CH2 carbon of the oligomer with R=1 is
consistent with that of TMVS (131.05 ppm for =CH2 carbon); and b) the complexity in
the vinyl region of the spectrum of the R=2.5 oligomer is due to the existence of a large
variation of microstructures and/or functionality, in another words, the spectra can be
viewed as a combination of signals from Si-Cl functionality and those from a variety of
bridge and cyclic structures.
Although the 2D spectra for PMVSEDA system were of relatively poor
quality due to instrumental limitation,'®^ valuable structural information can still be
extracted from these spectra. In the methylene carbon region of the oligomer with 7?=1
(Figure 27A, the correlations in the vinyl region were omitted), the signals at 46.15
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Figure 27A. 2D COSY spectrum of PMVSEDA oligomer with /?=! (the
signals indicated by asterisks are due to solvent (m-xylene).
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2.64 ppm (acyclic), respectively. In the methyl region (Figure 27B) of the same
oligomer, the signals at 0.33 ppm and -2.35 ppm were found to correlate with the
already assigned signals at 0.22 ppm (cyclic) and 0.08 ppm (both acyclic and
bridge) and the signals can be assigned as cyclic (0.33 ppm) and as bridge and
acyclic (-2.35 ppm), respectively. However, as shown in Figure 28A, only unresolved
correlation with signals was observed in the methylene region of the 2D
spectrum of PMVSEDA with R=2.5, and analysis of 2D slices failed to afford detailed
assignment. One can, however, assign the signals at -2.44, 0.03, and 1.25 ppm to
carbons of the bridge moiety, cyclic moiety, and =SiCl functionality based on their
correlations with already assigned signals at 0.28 ppm (bridge), 0.34 ppm (cyclic),
and 0.49 ppm (=SiCl) functionality, respectively (Figure 28B).
The ^H, and ^Si chemical shifts of the various signals (excluding those of
proton and carbon for vinyl groups) discussed in above spectra are summarized in
Table 8. As indicated from the beginning, these assignments are made on the basis of
analysis of presented data and comparison with PDMSEDA data. The three methylene
signals in the R=2.5 case, for example, with chemical shifts of 46.67, 46.35 and
45.99 ppm were assigned to c, 15 and 20 (Figure 29, Figure 14), the same pattern as
those of PDMSEDA. The signals are identified by the type of moieties (ring, bridge or
acyclic) and the numbering is as in Figure 14.
Oligomers Prepared from Various Monomer Feed Ratios (R).
PMVSEDA oligomers prepared from various monomer feed ratios were
characterized by NMR and IR. TGA experiments, dilute solution measurements and
elemental analyses on selected oligomers were also performed on these oligomers.
Two possible pathways of ring formation were proposed on the basis of the changes in
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Figure 27B. 2D COSY spectrum of PMVSEDA oligomer with R=\ expand
on FI and F2 (methyl region) dimensions
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Figure 28A. 2D COSY spectrum of PMVSEDA oligomer for R=2.5.
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Figure 28B. 2D COSY spectrum of PMVSEDA oligomer for




Figure 29. 40-50 ppm range (methylene region) of broadband decoupled spectra of
PDMSEDA (I) and PMVSEDA (II) oligomers with/?=2.5.
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Table 8. and Chemical Shifts (ppm) and Assignments*
moiety
2!>si 13c Segment
agn cs agn CS agn cs (Fig. 15)
ring 1 0.42 10’ 2.92-3.03 10 46.15
11’ 0.08 11 033
acyc -17.66
12’ 2.65 12 44.12 B2 13’ 0.22 13 -235
brid 3 -18.5 14’ 0.08 14 -235 A







ring 5 0.40 17’ 0.21 17 0.03 c
y
func 6 -0.%, -1.15 18’ 030 18 1.25
brid 7 -18.5 19’ 0.11 19 -2.44 .
20’ 3.03 20 45.99 "
8 1.56 21’ 0.28 21 0.03
. D
func 9 -1.25, -1.43 22’ 0.49 22 135
c’ 3.08 c 46.67 ,
♦ This table is designed with the same fashion as that of Table 5. Please see the foot notes of Table 5.
percentage of cyclic moieties.
Spectroscopic characterizations of oligomers prepared with various R. The
spectra of the PMVSEDA oligomers showed very similar changes in characteristics as
the function of R, when compared to that of PDMSEDA. The 2380-3600cm'* region of
the IR spectra (Figure 30, see Appendix F for a complete IR spectrum of oligomer of
R=l) show the changes in the =NH (3394 cm’^) and -NH2 (two bands at 3267 and 3224
cm’^) regions as a function of R. As R varied the relative intensity of -NH2 band





Figure 30.3600-2500 cm-^ region of the IR spectra of various PMVSEDA oligomers.
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observable even when R was 2. There were, however, some relatively minor amount of
=NH in the R=2.5 case for which both and ^^Si NMR showed no evidence for the
presence of any acyclic moiety. As can be seen in the and ^^Si NMR spectra
(Figures 31 and 32, respectively), the relative intensities of signals associated with
acyclic segments (^H: 12; ^^Si 2; Table 8, B and F, Figure 14) decrease steadily as R
increases. When R reached 1.33 or higher the signals associated with =SiCl
functionalities (^H: 18 and 22; ^^Si: 4, 6, 8, and 9) (Table 8 and C & D, Figure 14)
became observable.
Summary of data on oligomers prepared from various R. Table 9 shows the
summary of char yields, intrinsic viscosity and other related data for PMVSEDA
oligomers prepared from various monomer feed ratios (/?). The cyclic compositions of
oligomers I to TV were not determinable because the assignment of signals (c’
and/or 20’, Figure 14) in the range of 3.00 to 3.15 ppm was not definitive, and the
calculation of the cyclic composition could not be reliable. Several observations can be
made based on the data presented in the Table: a) the intrinsic viscosity increases to 4.4
ml/g (for oligomer VI) and then decreases as R decreases; b) oligomers V to VIII have
no Si-Cl functionality, but the Cl content is 9% for R=l.33 and increases to 42% for the
R=2.5 oligomer; c) the intrinsic viscosities of oligomers that have relatively higher %C1
content were generally lower than those for oligomers with no Cl at all; and d) the char
yields, however, clearly increase as the amount of Si-Cl functionalities decreases
(comparing entries I, II, and VI, in Table 9). The lower char yields for oligomer I and
n is quite possibly due to the loss of Cl atoms, which are the heaviest atoms in the
oligomers, in the early stage of pyrolysis. The latter speculation can be supported by
the TGA curves shown in Figure 33. As one can glean from the Figure, oligomers I
and II which have 42 and 28% Cl content, respectively, lose about 75% and 33%,
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Figure 31A. NMR spectra of various PMVSEDA oligomers (R=0.5, 1 and 1.11).




Figure 3IB. NMR spectra of various PMVSEDA oligomers (i?=1.33, 1.67, 2 and
2.5). The signals indicated by asterisks are due to solvent (m-xylene).
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Figure 32A. NMR spectra of various PMVSEDA oligomers (R-0.5, 1 and 1.11).
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Figure 33. TGA curves (10 oc/min to 1000 in N2) of PMVSEDA oligomers with R= 1 (VI), 0.5
(VII), 2 (II) and 2.5 (I, 20 ®C/min to 1000 in N2).













I 2.5 59 24® h 1.8 42
n 2 62 43 h 2.3 28
m 1.67 67 g h 2.7 21
IV 1.33 73 g h 3.5 9
V 1.11 75 g 69 4.1 0
VI 1 71 63 66 4.4 0
VII 0.5 f 58 40 3.1 0
vin 0.25 f 39 3.0 0
® determined from TGA experiments (10 ®C/min to 1000 in N2); ^ determined from
the proton signal intensity by integrating the signal at 3 ppm (cyclic) and the signals
in the range of 2.6-2.9 ppm (acyclic); determined by dilute solution method (ml/g);
^ denotes the percentage of -CH, groups attach to Si-Cl functionalities, determined from
proton intensity by integrating the signals at 0.49 and 0.50 ppm and the rest ofmethyl
protons; ® determined from TGA experiment (20 ®C/min to 1000 in N2); ^ the acturai
weights recovered were 2.3 and 2.2 g, respectively, for oligomer VII and VIII; 8 not
determined; could not be determined acurately.
respectively, of the original weight in the first stage (220-380 ®C), and about 6% and
20%, respectively, in the second stage (440-800 ®C). The weight loss in the first stage
for oligomer VI (9%), however, was much smaller to that in the second stage (28%).
Taking the structural information, percentage of Cl content, and the analysis of TGA
curves as a whole, it seems that the combination of high Cl content and low molecular
weight will result in low char yield. Elemental analysis of chars from PMVSEDA
oligomers VI and VII (Table 9) gave empirical formula of Sij 06C1.92N1 (in w%: Si,
42.48; C, 33.05; N, 20.09) and Si2.5sCi 92N1 (in w%: Si, 66.65; C, 21.23; N, 12.96),
respectively, and these results clearly show that changes in the microstructures will
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result at least in changes in the char compositions. The controlled approaches, thus,
will enable one to modify the char composition to a certain degree.
Possible ring formation pathways. A comparison of the cyclic compositions of
oligomer V and VIII (Table 9) shows that as R decreases the cyclic composition
decreases first and then levels off at about 40% when R=0.5. This observation may
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Figure 34. The proposed possible pathways for ring formation. After the
dimer is formed, branches could be obtained as shown (1), the branch,
could then cyclize to form a ring (la). The dimer could also cyclize to
first form a ring (2), which then participates in the further reaction (2a).
of branch structures (reaction 1, Figure 34) probably depends on the total amount of
EDA (the more EDA fed, the less the chances for branch to form), the excess EDA feed
amount should reduce the percentage of cyclic moieties. The leveling off of the
percentage of cyclic moieties in the range of R=0.5 to 0.25 suggests the possibility of
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another ring formation pathway. This pathway should be an intramolecular reaction
(reaction 2, Figure 34) which does not depend on the concentration of EDA. The
experimental observation of leveling off of the percentage of cyclic moieties strongly
suggests that the polycondensation of EDA and DCOS occurs via two pathways of ring
formation. Further studies such as kinetic study will, however, be needed to confirm
the matter.
Functional Groups and Backbone Compositions
The stepwise experiments were also conducted for the PMVSEDA system and
the results (Figure 35) were similar to those of PDMSEDA. From the analysis of
spectroscopic data presented, we concluded that the PMVSEDAs have basically the
same microstructures and/or backbone compositions as the PDMSEDA. There are,
however, only isolated cyclic moieties (segment E, Figure 14) when R=0.5 as
evidenced by the absence of the signal at -18.5 ppm which represents the bridge moiety
in the ^^Si NMR spectrum (Figure 32, R=0.5). The evidence that suggests the presence
of cyclic >NH end groups (segment H, Figure 14) was also based on the analysis of
both ^^Si and IR data generated from a modification of PMVSEDA for which R=133
(oligomer IV). When a small amount of DMVS was reacted with the R=l.33 oligomer,
the resulting oligomer showed a ^Si spectrum (Figure 36, II) similar to that for the
oligomer with R=2 (Figure 32B) with signals 4 and 6 in segment C (Figure 14) present.
There are only two possible pathways (Figure 37) for obtaining such a microstructure.
The first pathway requires the presence of an -NH2 (segment F, Figure 14)
functionality as shown in Figure 37. Another pathway is through direct reaction with
cyclic =NH end groups (segment H, Figure 14) in a single step as illustrated in Figure
37. Since it was evident from the IR spectrum (Figure 30) that there are no observable











Figure 35. NMR spectra of stepwise postpolymerization of PDMSEDA oligomers. /?=1 for set
A, bottom spectrum and R-2.5 for set B, bottom spectrum.
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Figure 36. NMR spectra of PMVSEDA oligomer for R=1.33 (I) and thereciting oligomer (II) after reacting the oligomer with DCMVS.













Figure 37. Possible/propsed pathways for modification of oligomer IV
occurred via the second pathway and the cyclic >NH end groups (segment H, Figure
14) must be present in the microstructures of those oligomers whose IR spectra show
observable =NH functionality.
In summary, the characterization by IR and NMR show that the microstructures
and/or backbone compositions of PMVSEDA were similar to those of PDMSEDA, and
recipe-type procedures were developed to at least partially control the microstructures
and/or functionalities of the oligomers. The oligomer prepared can give char yields as
high as 63%, and the chars contain a combination of silicon, nitrogen, carbon, and
no
possibly minor amount of oxygen. The controlled approaches seem to enable one to at
least modify the char composition to a certain degree.
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CHAPTER IV. Characterization of
Polymethyisilylethylenediamines
PMSEDA oligomers were also prepared under various monomer molar feed
ratios as in the cases of PDMSEDA or PMVSEDA. A detailed characterization similar
to that on PMVSEDA oligomers has been performed on these PMSEDA oligomers.
The microstructures and/or functional groups determined along with other data on these
systems will be presented and discussed below.
Background Information. As aforementioned, Cl2SiMeH has been used to
react with various amines to synthesize precursors to Si3N4 and other related
ceramics.^^ The advantages of this monomer are: a) it contains relatively less carbon
and the pyrolysis products of polymers prepared from this monomer usually have a low
percentage of carbon; and b) the Si-H functionality is considered to be a relatively
reactive functionality and it can be used for potential postpolymerization modifications.
Abrahams of our group was the first to utilize this monomer in a reaction with EDA to
generate a ceramic precursor.'’*’ He found that the oligomer prepared from a 1:2
(DCMS; EDA) feed ratio seems to have a higher cyclic to acyclic ratio (4:1 to 5:1)
compared to PDMSEDA prepared under same condition (S:!).-^*’ He also obtained a
reasonable char yiled (about 60%). Due to the very broad nature of the ^Si NMR
signals he obtained, as a result of apparently inadvertent hydrolysis, Abrahams did not
elucidate the structure of this oligomer in detail.
Since our preliminary survey confirmed the possible utility of this oligomer as a
precursor (char yield of 60%, TGA experiment of 10 ®C/min to 1000 ®C), our intentions
were to: a) characterize this system in detail with the aid of the "data base" and
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methodology developed from both PDMSEDA and PMVSEDA systems, and b)
explore the possibility of postpolymerization modifications utilizing the reactive Si-H
functionality on this oligomer.
NMR Characterization. Figure 38 shows the and ^^Si NMR spectra of
PMSEDA (oligomer of i?=l). As can be gleaned from the Figure (Figure 38), the
NMR signals in the methyl region overlap into essentially one signal centered at 0.3
ppm, while there are three resolved signals in the Si-H region at 4.92, 4.65 and 4.40
ppm. The signal pattern of the methylene protons resembles those for the PDMSEDA
and PMVSEDA oligomers (prepared under the same reaction condition), with two
signals centered at 3.02 and 2.67 ppm, but the intensity of the latter signal is relatively
low. There are also three groups of ^^Si NMR signals observed: at -0.40, -1.16, and
-1.32 ppm, at -22.25 and -22.46 ppm; and at -29.23, -29.88, and -30.08 ppm (Figure
38).
In the PDMSEDA and PMVSEDA cases, ^^Si-^H correlated 2D techniques
were used to assign the -^Si signals by determining the connectivity to the known
signals in the methylene region forR=l oligomers. Since it will be very difficult, if at
all possible, to find the delays of 2D experiments which would afford the observation
of correlations of ^^Si to signals in the methylene region as well as to those in the
Si-H region, a choice had to be made to either use the delays for Si-H correlation or
that for methylene protons and -^Si. Nevertheless, four considerations that were made
were: a) there should be methods other than 2D NMR to generate evidence or, at least,
indirect evidence to interpret the spectroscopic data leading to the elucidation of
structures; b) a ^^Si-^H 2D NMR experiment using delays for correlations between




delays for correlations of Si-H, and thus, has higher possibility to have inadvertent
hydrolysis during the experiments (it is observed from the experiments that the
PMSEDA oligomers are more sensitive to moisture than both the PDMSEDA and
PMVSEDA oligomers); c) the relative intensity of the methylene signal at 2.67
ppm was found to be low thus may not show any correlation with ^^Si signals; and d)
more importantly, the assignment of the three resolved signals of the Si-H
functionality was thought to be very important since this functionality can potentially
be used for postpolymerization modifications. On the basis of these considerations, it
was decided to find methods other than 2D NMR to interpret ^^Si NMR spectra of
PMSEDA first, then to use delays that would afford the correlations of Si atoms and the
directly attached protons to assign those proton signals in the Si-H regions.
The characterization of the -^Si NMR signals of PMSEDA oligomers was
facilitated by the knowledge generated from the characterization of PDMSEDA and
PMVSEDA oligomers prepared from different monomer feed ratios and stepwise
experiments. It was learned from the characterization of PDMSEDA and PMVSEDA
systems that: a) the most downfield silicon signals always represent cyclic moieties
(shifted downfield by the ring strain); b) the signals whose relative intensity decrease as
R increases represent acyclic moieties (Figure 10 and 31 for PDMSEDA and
PMVSEDA, respectively); c) when excess dichlorosilane was used (i.e. R=2), rather
different spectra would be obtained and signals representing Si-Cl functionality would
be observed; and d) when the R=\ oligomer was reacted with dichlorosilane, the
relative intensity of the signals representing the acyclic moiety would decrease, and
essentially the spectral pattern would resemble that of a R=2 oligomer when enough
dichlorosilane was used.
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Using the aforementioned background information, the detailed characterization
of PMSEDA oligomers was undertaken by comparing the NMR spectra of PMSEDA
oligomers with different R values. The strategy was to: a) compare NMR spectra of
PMSEDA oligomers prepared from different monomer feed ratios to identify the Si-Cl,
ring, and acyclic moieties; b) either react the R=1 oligomer with dichlorosilane or react
the R=2 oligomer with EDA to confirm the assignment of acyclic or Si-Cl
functionality, respectively, (i.e. the relative intensity of signal in the ^^Si NMR
spectrum representing the acyclic moiety should decrease after reacting the oligomer
with /?=! with enough dichloromethylsilane); and c) use 2D techniques to confirm the
assignments, i.e. the proton and the silicon on Cl-Si*-H* functionality should show the
connectivity.
When the ^^Si spectra of three PMSEDA oligomers prepared with different
monomer feed ratios (R = 1, 1.18, and 2) are plotted, as shown in Figure 39, it can be
gleaned that: a) the relative intensity of the most upfield group of signals (-29.23,
-29.88, and -30.08 ppm) decreases as the R increases, and b) when R=2, the group of
signals at -6.33 and -6.73 ppm became observable. Consistent with the aforementioned
findings from the PDMSEDA and PMVSEDA cases, in the ^Si spectrum of PMSEDA
oligomer for R=1 (Figure 39, I), the most downfield group of signals (-1.16, and -1.32
ppm) are assigned to cyclic moieties because of their downfield position (ring strain),
the most upfield group of signals (-29.23, -29.88, and -30.08 ppm) to the acyclic
moieties because the relative intensity of these signals decreases as R increases, and the
remaining group of signals (-22.25 and -22.46 ppm) to bridge moieties. The group of
signals at -6.33 and -6.73 ppm in the -^Si NMR spectrum of the oligomer for R=2
(Figure 39, III) is assigned to the -ClSi*(CH3)H functionalities because it can only be
observed when relatively large amount of dichlorosilane is used (R=2). No detailed
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Figure 39. NMR spectra of PMSEDA oligomers with R= 1 (I), 1.18 (II) and 2 (III).
Acyclic
assignments of -ClSi(CH3)H functionalities similar to segments such as those in
PDMSEDA and PMVSEDA cases (Segments C, C* and D, Figure 14) were made due
to the unresolved signals.
Figure 40 shows the spectra of PMSEDA oligomers prepared from various
ratios. As can be gleaned from the Figure, the intensity of signal at 2.67 ppm decreases
as R increases, and the spectrum of the oligomer with R=2 (Figure 40, III) is quite
different from the other two spectra. In the R=2 case, there is a new signal in the Si-H
region at 5.18 ppm and another new one in the methyl region at 0.58 ppm. On the basis
of the data for PDMSEDA and PMVSEDA, these two signals at 5.18 and 0.58 ppm can
be assigned to the Si-H* and Si-CH3* of the -ClSi(CH3)H functionalities, and no other
detailed assignment of methyl protons could be made due to the unresolved signals (0.3
ppm).
Figure 41 shows the ^^Si spectra of PMSEDA oligomer with /?=! and the
resulting polymer from the reaction of the oligomer with a large amount of
dichloromethylsilane. As can be gleaned from the Figure, the relative intensity of the
signals in the range of -29.23, -29.88, and -30.08 ppm decreased dramatically, which
strongly suggests that those signals are due to the acyclic moiety with =NH
functionality since only the =NH of this moiety can react with the dichloromethylsilane
added.
As aforementioned, ^Si-^H correlated NMR spectra were used to confirm the
above probable assignments and to assign the signals in the region of Si-H
functionality. Figure 42 shows the -^Si-^H 2D COSY spectrum of the oligomer for
/?=1. Since the ^H signals at 4.92 ppm, 4.65 ppm and 4.40 ppm can be found to
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Figure 40. NMR spectra of PMSEDA oligomers with R= 1 (I), 1.18 (II) and 2
(III). The signals indicated by asterisks are due to solvent (m-xylene).
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Figure 41. -^Si NMR spectra of PMSEDA oligomer for /?=1 (I) and the resulting






Figure 42. 2D COSY NMR spectrum of PMSEDA oligomer for /?=1.
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correlate with assigned ^Si signals at -1.16, and -1.32 ppm (cyclic), -29.23, -29.88, and
-30.08 ppm (bridge), and -22.25 and -22.46 ppm (acyclic), respectively, these
signals can be assigned accordingly to cyclic, bridge, and acyclic moieties,
respectively. These correlations were evident again in another ^Si-^H 2D COSY
spectrum (Figure 43, for i?=2), and the correlation between the signal at 5.18 ppm
and 2^Si signal at -6.67 ppm confirmed the assignment of these signals to -ClSi(CH3)H*
functionalities.
To ensure that the assignments of -^Si NMR resonances made were not
complicated by inadvertent hydrolysis, the samples of oligomers for R=1 and R=2 were
left in air, and ^^Si NMR spectra were taken at different intervals. As can be gleaned
from the spectra presented in Figure 44, for R=\ case (Figure 44A), although
significant changes in chemical shifts were not observed, there were changes in relative
intensities in all three regions. For R=2 case (Figure 44B) there was a new signal at
-10.05 ppm and the relative intensity of this signal increases with time. Another signal
at -18.76 ppm also appeared at latter time, and the relative intensity of acyclic signal
also increased while that of Si-Cl moiety decreased. These data indicate that the
moisture in air will react with Si-Cl in R=2 case and generate some new structures.
The moisture also seems to react with cyclic moiety thereby forming acyclic structure
in both the R=2 and R=1 cases. The analysis of these spectra indicates that the spectra
used to make the assignments have little, if any, hydrolysis, and the assignments made
should be reliable. The and -^Si assignments of the PMSEDA system are
summarized in Table 10.
Characterization by other Methods. The functional regions of the IR spectra
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Figure 44B. NMR spectra of PMSEDA oligomer with R=2 left in air for different
time intervals (II, HI and IV for 4, 24, and 48 hours, respectively).
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Table 10. and Chemical Shifts (ppm) and Assignments
29si iH Segment
moiety agn cs^ agn cs^ (Fig. 14)
10’ 3.05
ring 1 -0.40 to -1.32 11’ 0.22'’ A
11’ 4.92^=
12’ 2.73
Bacyc 2 -22.25, -22.46 13’ 0.22'’
13’ 4.44*’








a: ang and cs stand for assignment and chemical shift, respectively; b: chemical shift
ofmethyl protons; c: chemical shift of Si-H* protons; d: Si-Cl related structures
45, of the oligomers show the changes as a function of R with patterns similar to those
found for PDMSEDA and PMVSEDA. Some =NH functionality (3450 cm'^) is
observed for all with decreasing relative intensity as R increases. There is also some
-NH2 (3330 cm‘^) in the oligomer with /?=1.
The PMSEDA oligomers have higher percentages of cyclic moieties in their
backbone compared to both PDMSEDA and PMVSEDA (Table 11). Thus, this system
will not be a good candidate for incorporating other elements via a reaction with =NH
or -NH2 because it has a higher cyclic to acyclic ratio and thus does not have as much
=NH and/or -NH2 as in the PMVSEDA oligomer prepared under the same condition.
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RBSORBANCE
Figure 45. 3600-1800 cm"^ region of the IR spectra of PMSEDA oligomers with /? = 1
(I), 1.18(11) and 2 (HI).
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I 1 75 60 + +++
II 1.18 80 58 ++
ni 2 c 35 + ++
^ determined from proton signal intensity by integrating the signal at 3 ppm (cyclic) and
the signal centered at 2.67 ppm (acyclic); ^ determined by TGA experiments (10 ®C/min
to 1000 in N2), could not be determined acurately
The TGA curves of PMSEDA (Figure 46) oligomers show also two general stages of
weight loss. In the R=2 case, a relatively large loss starting at 200 is observed. This
is probably due to the loss of Cl atoms and the loss of also other fragments caused by
the loss of Cl atoms. In the R-l case, however, the loss in the second stage was still
less than the first stage but the difference of weight losses in two stages is much
smaller in comparison to that of the oligomer with R=2. The rate of the second weight
losses seem to be relatively slower compared to those of PMVSEDA cases (Figure 33).
A comparison of TGA curves for PMSEDA and PMVSEDA oligomers (for i?=l and
prepared under same reaction condition), is shown in Figure 47. The profiles indicated
that: a) they both have two stages of weight loss but the first loss for PMSEDA is
greater than that for PMVSEDA; b) the second weight loss of PMSEDA is less than
that of PMVSEDA; and c) while the PMSEDA oligomer starts to lose relatively more
weight at lower temperature, the total char yield is about the same for these two
oligomers. The difference in the weight loss pattern may result from different
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Figure 46. TGA curves (10 ‘^C/min to 1000 in N2) of PMSEDA oligomers with R = 1 (I), 1.18 (II)and 2 (HI).
Weight(%)
Figure 47. TGA curves (10 ®C/min to 1000 ®C in N2) of PMVSEDA (I) and PMSEDA (II) oligomers
for/?=1.
degradation mechanisms since different silyl groups are involved.
Elemental analysis of a char from PMSEDA (oligomer I, Table 11) gave an
empirical formula of SiiojN^Cj 15 in w%; Si, 46.01; N, 22.72; C, 22.45). A
comparison between the char composition of PMVSEDA (Si^ 06N1C192 for oligomer
VI, R=l, Table 9) and PMSEDA shows that the latter afforded a char with less carbon.
Overall, PMSEDA oligomers are similar to the other two oligomers
(PDMSEDA and PMVSEDA) in terms of having ring, bridge, and acyclic moieties in
the backbone. With excess feed amount of Cl2SiMeH, oligomers containing Si-Cl
functionality can also be prepared. When prepared under the same reaction condition
(i.e. same monomer feed ratio of ^=1), the PMSEDA oligomer contains more cyclic
moiety, and thus has less =NH and/or -NH2 functionalities for possible further
modification reactions. The reactive Si-H functionality in this oligomers, however,
enables other ways to modify this type of oligomers. The postpolymerization
modification aimed at utilizing the reactive Si-H functionality will be discussed in the
next chapter (Chapter V).
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CHAPTER V. POSTPOLYMERIZATION MODIFICATION OF
PREFORMED REACTIVE OLIGOMERS
The detail characterization that was undertaken in this thesis work has enable
the elucidation of the microstructures and/or backbone compositions of the hybrid
organosilylamine/silazane prepared. Additionally, controlled preparative approaches
were developed to prepare various reactive oligomers, in both the PMVSEDA and
PMSEDA cases, with functionalities including =NH and -NH2 or Si-Cl. In fact, the
purpose of such detailed characterization was to determine the nature of the
microstructures and/or functionalities of the oligomers so that reactive oligomers with
desirable microstructures and functionalities can be designed, prepared and modified
for a variety of applications such as increasing the molecular weight of polymers,
preparing copolymers from performed oligomers, and increasing the char yield and
changing compositions of the chars. And hence, the discussion below will address
some of the above aspects of the work.
Condensation of Preformed Homo-oligomers. Rochow and Kummer®® had
reported estimated molecular weight data for the PDMSEDA system prepared from a
1:2 ratio of DCDMS to EDA and the reported molecular weight (MW) was about 2000.
In order to improve on this relatively low molecular weight, one experiment based on
the reactivity of PMVSEDA oligomers was thus designed to develop methods to
increase the MW, and also increase the char yield. The idea is to react two preformed
oligomers which are mutually reactive (one with Si-Cl functionality and the other with
NH and/or NH2 functionalities). In a typical experiment, PMVSEDA oligomers with
R=0.5 and R=2.5 were mixed in the presence of TEA. The -^Si NMR spectra of these
oligomers and their condensation product are shown in Figure 48. Unlike other
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Figure 48. NMR spectra of PMVSEDA oligomers for R=2.5 (I), R=Q.5 (II), andtheir condensation product (III).
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PMVSEDA oligomers prepared with different monomer feed ratios, which were mostly
viscous oil/wax and whose hexane solution could be used to carry out the intrinsic
viscosity measurements, the resulting polymer was a solid after the removal of solvent,
and could not be redissolved in hexane. Although the intrinsic viscosity of the resultant
oligomer was not available, due to its insolubility, for comparison, this polymer is
considered to have a higher MW than the end product of the sequential experiment.
The TGA experiment on the oligomer condensation product showed no improvement in
char yield (61%) over PMVSEDA oligomer with R=1 (63%). It is probably that the
increases in MW were not high enough to warrant any dramatic changes in char yields.
Or, increase in molecular weight, more likely, may not result in higher char yield for
these type of systems.
Condensation of Preformed Oligomers. The method of condensation of
homo-oligomers was also used to synthesize PMVSEDA-co-PMSEDA copolymers.
This experiment was aimed at the subsequent utilization of the possible reaction
between the Si-H and Si-CH=CH2 functionalities to prompt crosslinking during the
pyrolysis to increase the char yield, as has been reported in some cases.^®-'’ In such an
experiment, PMSEDA (R=2) and PMVSEDA (i?=:0.5) oligomers were condensed to a
copolymer (CPI) and its ^Si NMR spectrum and char yield were compared to that of a
random copolymer (CP2) prepared with R=i by feeding a 50%/50% mixture of
DCMVS and DCMS (Figure 49). The differences in the preparation approach did not,
however, afford significant changes in the char yields as well as in the TGA patterns.
A comparison of the TGA curves of these copolymers (Figure 50, n and III for CPI
and CP2 respectively) with the that of PMSEDA (Figure 50, IV) and PMVSEDA
(Figure 50,1) oligomers for R=l shows that while their char yield is about the same, the
patterns of weight loss are different from each other. Overall, the weight losses of
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Figure 49. -^Si NMR spectra of PMSEDA oligomer for R=2 (I), PMVSEDA oligomer
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Figure 50. TGA curves (10 ®C/min to 1000 in N2) of PMVSEDA (I) and PMSEDA (II) oligomers
for/?=1, the oligomer condensation product (III), and the random co-oligomer (IV).
these copolymers are about the average of that for the homo-polymers. Although the
copolymerization did not offer any increase in char yield as determined by TGA
experiment, it is conceivable that the composition of the char is altered. Other
modifications, such as chemical cross-linking, via the reactive Si-H and Si-CH=CH2
functionalities on these copolymers remain to be explored.
Postpolymerization Modification of the PMVSEDA Oligomer with R^l by
NH3. The purpose of this experiment was to explore the possibility of increasing the
nitrogen content in the char composition. A PMVSEDA oligomer (R=2.5) containing
Si-Cl functionalities was prepared as the starting material, and NH3 gas was introduced
to react with it. The end product apparently had =NH and -NH2 functionalities,
evidenced by the functional region of the IR spectra (Figure 51). It was also found
from comparison of the and “^Si spectra (Figure 52, (B) and ^^Si (A)) of the
starting and the modified material that the Si-Cl functionalities were completely
consumed, as indicated by the absence of and ^Si signals representing Si-Cl
functional groups (^H: 0.48 and 0.50 ppm; -^Si; 2.69, 1.56, -0.96 and -1.43 ppm. Table
8).
Possible structures of the modification product can be proposed from the
possible reaction of the PMVSEDA oligomer (R=2.5) with NH3 and they are shown in
Figure 53. The new ^Si resonances at -16.55 ppm and -17.68 ppm (Figure 52),
however, have not been assigned at this time. From the ^^Si-^H 2D plot (Figure 54) it
can be gleaned that these two signals have only correlations with methyl proton in the
range of acyclic and bridge moieties.
Figure 55 shows the TGA curves of the R=2.5 oligomer and its NH3-modified
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ABSORBANCE
Figure 51. 3600-2500 cm i region of the IR spectra of PMVSEDA oligomer for R=2.5 (I), and the
resulting product after reacting with NH^ (II).
Figure 52. (A) spectra of PMVSEDA oligomer for R=1.5 (I) and the resulting
product after reacting with NH, (II), (B) NMR spectra of PMVSEDA oligomer
for R=2.5 (I), the resulting product after reacting with NH3 (II). The signal indicated































Figure 53. Proposed/possible structures of product of postpolymerization
modification of PMVSEDA oligomer fori?=2.5 with NH3
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PPM
Figure 54. 2D COSY spectrum of the resulting product after reacting







Figure 55. TGA curves (lO^C/min to 1000®C in N2) of PMVSEDA oligomer for R=2.5 (I), and the
resulting product (II) after reacting with NH3.
product. As can be gleaned from the Figure (Fig. 55), the modification by NH3 reduces
the first weight loss (before 400 ®C) by about 12% and the second weight loss (between
450 to 1000 ®C) remains about the same. This observation indicates that the
oligomer for R=2.5 will result in very low second weight loss (10%, comparing to 28%
in i?=l oligomer case) while the first loss is, by and large, controllable (by reducing the
Cl content in the polymer. Table 9). This suggests that the oligomer for R=2.5 can be a
candidate for other modifications that may reduce the first weight loss to minimum and
thus give higher overall char yields (with a low weight loss at second stage). This can
possibly be achieved, for example, by reducing the Si-Cl functionalities on oligomer
for R=2.5 to Si-H functionalities. The resultant oligomer, after reduction, would have
relatively low first weight loss because there is no long any Si-Cl functionalities, and
possibly has a low second weight loss because the structure, which remains unchanged
from R=2.5 after the reduction.
The elemental analysis was not done for this product because the char yield was
too low for it to be a useful precursor. This oligomer can however be potentially used
as a starting material for incorporating other elements via reactions of the >NH and
-NH2 functionalities because it has relatively low molecular weight.
Postpolymerization Modification of PMVSEDA Oligomer for R=0.5 by
HSiCl3, AICI3, and BH3. The purpose of these sets of experiments was again to
modify the char composition by incorporating Al, B, and more Si into the backbone of
reactive oligomers. The starting oligomer for this set of experiments was PMVSEDA
with R=0.5, which has been shown to have plenty of acyclic moieties including
-NHCH2CH2NH2 end groups (segment B and F, Figure 14). From a estimation, the
oligomer prepared from reacting 0.1 mole of EDA with 0.05 mole of DCMVS (/?=0.5)
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has an equivalent of about 0.04 mole of NH functionality^®^ available for modifications
reactions. In the preliminary experiments, trifunctional monomers, including HSiCl3,
BH3 and AICI3, equivalent to 80% of the total >NH content of the PMVSEDA
oligomer (i?=0.5) were used in the postpolymerization modifications to avoid excessive
crosslinking and reaction between B-H and Si-CH=CH2 (in the BH3 case).
The yield of these reactions under these conditions are about 100% and samples
for solution NMR analysis were obtained before the solvent was completely removed
(when the solvent was completely removed, solid products were recovered in all three
cases and they could not be redissolved). The reactions were investigated by
determining the changes in the IR, ^H, and ^^Si spectra (Figure 56, 57, 58, and 59,
respectively). ^^B and ^^Al NMR experiments are also done in the BH3 and AICI3
cases, and the ^^B and -^Al spectra are shown in Figures 60. The following
observations can be made from a general analysis of all the spectra: a) the -NH2 has
reacted completely only in the SiHCl3 case, and the IR spectra also show the presence
of Si-H (Figure 56, Eli, 2144 cm‘^) and B-H functionalities (Figure 56, IV, 2368, 2320
and 2235 cm"^) in the HSiCl3 and BH3 cases, respectively; b) the relative intensities of
NMR signals (^H) representing acyclic moieties decreased; c) the -^Si NMR spectra
offer the most significant changes (among ^H, and ^Si NMR spectra), and the
chemical shifts of these ^®Si NMR signals are tabulated in Table 12, and d) both the
^^B and ^^Al NMR signals were shifted upfield and were broader (relative to the
standards) indicating the presence of B-N and Al-N bonds, respectively; no detailed
structural information can be, however, revealed from both the ^^B (Fig. 60A) and ^^Al
(Fig. 60B) NMR spectra due to the broad nature of the signals.
Interesting observations can also be made in each case. In the case involving
144
ABSORBANCE
Figure 56. 3580-1800 cm’’ region of the IR spectra of PMVSEDA oligomer R=0.5 (I)




Figure 57. NMR spectra of PMVSEDA oligomer, i?=0.5 (I) and its modified
products (with AICI3 (II), HSiCl3 (III), and BH3 (IV)). The signals indicated by
asterisk are due to solvent (m-xylene).
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*
Figure 58A. 55 to -5 ppm range of NMR spectra of PMVSEDA oligomer, i?=0.5 (I)
and its modified products (with AICI3 (II), HSiCl^ (III), and BH3 (IV)).
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Figure 58B. 142-130 ppm range of NMR spectra of PMVSEDA oligomer, R=0 5
(I) and Its modified products (with AlCl, (II), HSiCl, (III), and BH3 (IV)).
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Figure 59. NMR spectra of PMVSEDA oligomer, R=0.5 (I) and its modified
products (with AlCl, (II), HSiC^ (III), and BH^ (IV)).
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Figure 60. (A) “B NMR spectra of BH3.0Et2 in CDCI3 (I, standard) and BH3 modified product (11);(B) NMR spectra of AICI3 in CDCI3 (I, standard),' AICI3 modified product (II, with some Al-Clleft), AICI3 modified product (III).
Table 12. The NMR Chemical Shifts of PMVSEDA Oligomer with jR=0.5













AICI3 0.42 -17.5 -18.5 -
HSiCl3'’ 0.70 -17.5 -18.5 -23.1, -26.5
BH3 1.6, 0.22 -17.0 01001 -15.2, -15.8
-18.0
signals in the regions other than the regular ones (cyclic, acyclic, and bridge),
based on the spectrum obtained with delays of vinyl protons to silicon, spectrum
with delays of Si-H will be discussed later.
HSiCl3 (comparing spectra I and III, Figure 59), the modification product does not
seem to have any Si-Cl functionality since no signal(s) around -7 ppm (cf. Figure 39,
ni) was observed. In the AICI3 case, the reaction also resulted in the upfield shift of
the ^^Al NMR signals,^®^ and it was also found that there was not AlCl functionality
remaining in the modification product (in AICI3 case) as evidenced by the ^^Al NMR
spectra presented in Figure 60B (the signal at 5 ppm represents the unreacted Al-Cl
functionality and it disappears after being treated with NH3 gas). The data from the
BH3 experiment are somewhat confusing. Although the ^^B and ^^Si NMR
experiments result indicate that there are reactions between N-H and B-H (evident by
the changes in the relative intensity of ^^Si signal representing acyclic (-17.5 ppm)), the
IR data seem to indicate that very little =NH or NH2 has been consumed. It is possible,
thus, some of the BH3 may only form an adduct with =NH and/or -NH2 functionalities
(i.e., H3B*NH=, so that the intensity of bands representing =NH and/or NH, in the IR
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spectrum remains relatively unchanged) although some reaction must have occurred
between BH and =NH and/or -NH2 as indicated by the changes in the relative intensity
of NMR signals. The reaction between B-H and Si-CH=CH2 was evident by the new
signals representing newly formed methylene groups at 3.25 and 2.68 ppm (^H), and
51.02 and 39.52 ppm (^^C). An integration of the vinyl proton and methyl proton,
which should have a 1:1 ratio if no reaction occurred between B-H and Si-CH=CH2,
shows a 10% reaction of the vinyl group.
Although no detailed characterization of end products were attempted, one can
expect that the major reactions to be either cyclization (Figure 61, A), or crosslinking





Figure 61. Proposed/possible major structures of products of postpolymerization
modification with AICI3 and HSiCl, (M=A1 or HSi).
postpolymerization modifications with trifunctional monomers to be the ones presented
in Figure. An analysis of -^Si NMR spectra of these materials supports, in general, the
presence of these structures due to at least two reasons: a) the formation of all the
structures in Figure 61 should reduce the intensity of acyclic signal (around -17.5 ppm
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for ^Si, Figure 59, III) as has been observed; and b) the formation of the cyclic
structure A (Figure 61) should result in the observation of a signal due to a bridge
silicon (around -18.5 ppm, Figure 59, El) also, as has been observed. For the product
of HSiCl3 modification, when delays appropriate with the Si-H (/si-H
used in the DEPT experiment, there should have been observed at least two new
signals: one for the cyclic structure A (Figure 61), and, the other being for the
structures B (Figure 61). Figure 62 shows the ^^Si NMR spectra of the modified
product of PMVSEDA oligomer with R=0.5 using HSiCl3. As can be gleaned from the
spectra, when delays corresponding to the Si-H (^si-H = 200Hz) were used, the
spectrum (II) shows one upfield new signal (-38.4 ppm) and two relatively unsolved
new ones at -24.1 and -26.9 ppm. The broad nature of these three signals (compared to
those in spectrum I, Figure 59) indicates that the silicon atoms must be connected to
three nitrogen atoms as proposed in Figure 61. It can be speculated that the upfield -^Si
signal (-38.4 ppm) represents structure B in Figure 61, and the two at about -25 ppm
represent structure A in Figure 61. The downfield shift for the latter signals is probably
due to ring strain.
The analysis of char yields and char compositions of these modified precursors
(Table 13) shows that the char yields had increased by 16 to 18% compared with the
starting material (PMVSEDA for R=0.5). The modification with HSiC^ apparently
does not increase the silicon content, probably due to the different degradation process
upon the incorporation of the Si-H functionality. For the modifications with both AICI3
and BH3 more nitrogen were retained probably due to the additional Al-N or B-N
bonds. The very low amount of incorporation of B and A1 indicates that a method to
retain these elements is needed. Figure 63 shows the TGA curves of these modification
products and the patterns of weight loss are about the same. The modifications seem to
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Figure 62. DEPT NMR spectra of the HSiCl^ modified PMVSEDA oligomer of
R=0.5 taken with D2 = 0.0125 s (corresponding to isi-c-H> Appendix B) (I) and D2 =
0.0025 s (corresponding to of 200 Hz) (II).
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Weight % Atomic Ratio
Total%Si N C B Al Si N C B Al
1;2:5(A) 58 66.65 12.96 21.23 - 2.58 1 1.92 - - 100.84
1:1:5 63 41.42 19.12 34.64 - 1 1 1.92 - - 95.18
A + HSiCl3 75 39.77 18.91 30.83 ■ - 1.05 1 1.90 - - 89.51
A + BH3 74 36.03 14.86 32.76 2.92 1.21 1 2.57 0.25 - 83.65








Figure 63. TGA curves (10 oC/min to 1000 in N2) of PMVSEDA oligomers: i?=l (I) /?=0 5 (II)
and its modified products (with AICI3 (III) HSiCl^ (I\0, and BH, (V)).
have eliminated the first weight loss of the PMVSEDA oligomer for R=0.5 (Figure 63,
I) and the second weight loss is lower than that for the oligomer with R=l.
A comprehensive analysis of the changes in compositions is complicated by the
fact that only about 85% of the elements can be accounted for in all three modification
cases. There is the possibility that some oxygen is present in the char due to hydrolysis
when the samples are transferred from the glove box to the TGA instrument in air.
In summary, the potential uses of these hybrid organic silazanes/silylamines
reactive oligomers were demonstrated clearly by the results described in this section.
The utilities of these reactive oligomers can increase the molecular weights of this
types of oligomers, and they can also be used to change the char yields and
compositions. Although the results were not significant enough at this point, they
definitely open up doors for a wide variety of future research. For example, metal can
be incorporated into these reactive oligomers, and the content of these elements can be
varied in a certain range so that a wide range of composite type materials or ceramic




Overall Summary of Results. The data presented in this thesis show that
hybrid organosilazane/silylamine preceramic telechelic oligomers can be prepared from
a polycondensation reaction of EDA and DCOS. The oligomers obtained using
DCMVS or DCMS with R=\ can give >60% char yields which contain Si, N, C and
minor amounts of O. By varying the monomer molar feed ratio (/?), the
microstructures and functionalities can be effectively controlled. Recipe-type reaction
conditions to prepare a family of precursor oligomers with different microstructures
and/or functionalities have also been formulated. Moreover, simple approaches to the
chemical modification of the preceramic polymers have been investigated. In
particular, reactive oligomers with R=0.5 and 2.5 had been used to: a) prepare
copolymers; b) obtain polymers with higher molecular weights; and c) incorporate
other metallic species (e.g. A1 and B) into the oligomers. Unambiguous assignments of
most of the ^H, ^-^C, and ^Si NMR resonances have been made for several of the
oligomer systems synthesized. The microstructures (cyclic, acyclic and branch) and
functionalities (-NH2 and =NH or Si-Cl) of these oligomers had been elucidated and
identified by using a combination of FT-IR and NMR techniques.
Accomplishments. Simple controlled synthetic approaches had been
developed to manipulate the microstructures and functionalities of hybrid
organosilazane/silylamine preceramic telechelic oligomers. The approaches can be
used: to prepare block and/or graft copolymers; in modification and/or cross-linking
reactions; and, to introduce new reactive functionality. The net effect of such
modifications can be a change in the preceramic-to-ceramic conversion process leading
to changes in the composition and morphology of the ceramic char. One advantage to
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be gained by this is that precursors for drawing fibers can be prepared by insuring the
transformations are done while still maintaining the fusibility and solubility of the
precursors. The combined use of FT-IR and multinuclear/multidimensional NMR
techniques was illustrated to be extremely valuable for unraveling structural
information in the systems. The molecular-level elucidation of the microstructures of
the oligomers synthesized has led to the establishment of a "data base" of structural
information for these types of oligomers/polymers.
Overall, it can be concluded that the synthetic and characterization
methodologies and approaches developed/used should prove useful. Some of the
advantages of these methodologies and approaches can be: (a) an ability to vary the
composition of the precursor to a large degree; (b) maximization of the probability of
obtaining char yields with uniform composition; (c) suitability for maximizing the
molecular weight of the polymeric precursors; and (d) the ability to control the reaction
and/or the microstructure of the end product. Detail structural information was
successfully generated and it can be valuable in the design and preparation of useful
preceramic polymers.
The simple synthetic methodologies we have developed provide with an
opportunity to expand the "data base" for preceramic polymer reactivity in at least three
ways:
■ first, transformations can be carried out to obtain new reactive functionality;
• second, the existing functionality on the preformed oligomers can be used to
prepare cross-linked polymers and molecular-composite-type precursors;
• third, chemical modification can be made to incorporated other elements into
the precursors.
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The results of postpolymerization modifications aimed at incorporating other
elements such as B and Al, and enriching the N content were, however, less than
satisfactory at this stage. Methods need to be developed to not only incorporate more
desired elements into the reactive oligomers, but also, more importantly, to retain these
elements in the pyrolysis products (chars). There are also needs for further exploration
of the possible utilities/modifications of the prepared reactive oligomers.
Possible Further Research. The hope is to make such transformations by
suitable chemical reactions and still maintain the solubility and fusibility of the
precursors. The opportunities to be gained by such transformations have been recently
reviewed by Seyferth et al}^ While we know the precursors that can be prepared by
the different transformations and/or chemical modifications should give ceramic
materials, further physical -and chemical- state characterization will be necessary to
determine the chemical and bulk molecular structure, morphology and
microcrystallinity characteristics of the ceramic materials. In this regard, further
endeavors may include:
• attempts to correlate ceramic product compositions as determined by
chemical analysis, solid state NMR, FT-IR, XPS and microstructure with processing
conditions (heating schedules and atmospheres, etc.)
•
attempts to establish a better understanding of the mechanisms of formation
of the ceramic powders and composites to "provide the necessary base of materials




Pulse Sequences for DEPT, Standard Heteronuclear 2D COSY, and
Homo-broadband Decoupled Heteronuclear 2D COSY Programs










D1 is relaxation delay and D2 = 1/(2J) for maximum of polarization transfer,
respectively






1 01 II P« 1 DO 1 D3 D4 1
DO and D1 are initial and relaxation delays, respectively; D3 = 1/(2J) for maximum
polarization transfer, and D4 = 0.5xD3
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Broadband homonuclear decoupled heteronuclear 2D COSY (XHCORRD.AU')
1H
X
I- pi I DO I I D3
180® 90® 90®
90®
I I D3 I I DO I D3 D4
BB
HD
DO and D1 are initial and relaxation delays, respectively; D3 = 1/(2J) for maximum
polarization transfer, and D4 = 0.5xD3
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APPENDIX B
Experimental Optimization ofDelay (D2) of Some Polarization Transfer
Experiments
A series of FID were recorded with various D2 values in ^^Si DEPT NMR
experiments using 1,3,5-Trimethyl-1,3,5-trivinylcyclotrisilazane (TVS) and
Dichloromethylvinylsilane (DMVS) as models. The magnitudes of the FED signal
intensity (S, measured at zero acquisition time) and the noise intensity (N, measured at
final acquisition time) were recorded. When the S/N ratios were tabulated and ploted
against D2 values used, as shown in the plot below (page 164), an experimentally
optimized D2 delay of 0.0125 second was obtained for the ^^Si DEPT experiments of
PMVSEDA oligomers.
D2 X 100 9.09 8.33 7.58 6.67 5.00 3.33 2.50 2.00 1.52 1.42 1.32
S/N
TVS
5.6 4.3 4.1 3.8 4.0 4.0 3.7 3.0 5.0 8.5 10.0
5.6 4.3 4.1 3.8 4.0 4.4 5.1 5.8 8.5 9.3 10.2




11.4 10.9 10.6 10.3 9.5 8.3 7.5 6.2 5.4 4.5
11.5 11.0 10.8 10.5 9.5 8.3 7.5 6.2 5.4 4.5
163
164







Determination of Intrinsic Viscosity by Dilute Solution Method
The dilute solution method was used to measure the intrinsic viscosity values of a
series of PMVSEDA oligomers prepared under various reaction conditions. The
procedures and equations used have been presented in the main text. The data obtained
for PMVSEDA oligomer of /?=! are used here as an example to show how an intrinsic
viscosity (Nj„,) value was obtained.
Using the Uj/nQ values (derived from the equation Tj/To = Hj/no), the reduced
specific viscosities (N^g^) and inherent viscosities for each concentration were
then calculated via the following equations:
Nrev = [(ni/no)-l]/Ci
Ninh = Ci-ixln(ni/no).
When N^ev and Njj,,, were plotted against the Q, two straight lines were obtained which
were extrapolated to zero concentration which would yield the intrinsic viscosity value








1 0.0182 1.083 4.560 4.387
2 0.0121 1.054 4.500 4.382
3 0.0091 1.041 4.470 4.378
















Selection of Polymeric Model Systems for NMR Characterization
PDMSEDA oligomers were selected as model systems for detailed structural
characterization and emphasis was placed on ^^Si NMR (one and two dimensional)
characterization {vide infra). The objective, as stated before, was to characterize the
model systems in detail to establish a structural "data base" which can be utilized for
the characterization of the other systems.
Since there was not much structural information available in the literature on the
type of oligomers we want to synthesize, the detailed characterization of these systems
would have to start with the synthesis of a full line of model compounds unless a
suitable polymeric model system can be found. The availability of a polymeric model
system should, of course, serve the purpose better. Such a model system, however,
should have well resolved NMR spectra for assignment purposes, as well as some key
known assignments to start the characterization without the need for the synthesis of
additional model compounds.
Selection of Polymeric Model Systems
Since there was not much structural information on these systems available in the
literature. The detailed characterization of these systems would have to start with the
synthesis of a full line of model compounds unless a suitable polymeric model system
can be found. The availability of a polymeric model system could afford
microstructures and functional groups that reasonably resemble those of targeted
systems and therefore should serve the purpose better. Such a model system, however,
should have well resolved NMR spectra for possible assignments as well as some key
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assignments known to start the characterization without the need for additional model
compounds.
In this regard, in addition to work done in our group, our literature search had
revealed that limited synthesis and characterization of PDMSEDA had been previously
reported and some key NMR assignments had been made on the basis of
comparison with model compounds. Furthermore, a closer examination of most upfield
regions (methyl region) of the NMR spectra (page 169) of PMSEDA, PMVSEDA
and PDMSEDA showed that the PDMSEDA system afforded better resolved
spectrum. In the spectra (page 169), for example, there are six reasonably resolved
signals in the spectrum for PDMSEDA compared to only one and three in the spectra
for PMSEDA and PMVSEDA, respectively. For the above reasons, and
notwithstanding the fact that PDMSEDA oligomers have no value as ceramic
precursors, it was decided to use this system as a model system to develop
characterization techniques as well as to establish a "data base" of structural
information on this system with the expectation that PMVSEDA and PMSEDA should
have relatively similar microstructures and functional groups as those of PDMSEDA.
The Needs of NMR data
The absence of much ^^Si NMR data in the literature also called for the extensive
use of one and two dimensional -^Si NMR techniques not only because silicon is a
major element in the backbone of these systems and ^^Si NMR is known to be very
sensitive to microenviromental electronic factors (structural entities, ring strain,
bonding, hydrolysis etc.),^"^’^-^ but also because of the need for a ^^Si NMR "data base"
which has been glaringly lacking or inadequate in this area. It should be noted here that
some solution “^Si NMR data reported on some polysilazanes and related systems had
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Partial NMR spectra (methyl region) of PDMSEDA (^, PMVSEDA
(II) and PMSEDA (III) oligomers obtained under same reaction condition (R = 1).
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not been very useful because they afforded little insight into the microstructures and/or
backbone compositions of the polymers.®^ Furthermore, ^^Si NMR can potentially be
used to monitor inadvertent hydrolysis. All the chemicals, except organic solvents,
used in this work are very sensitive to moisture and hydrolysis can occur at any step of
the preparation of the polymers. Since it is impractical to send every sample for
elemental analysis to determine the degree of hydrolysis it was hoped that ^^Si NMR
can be useful as a diagnostic tool. Worked reported by Abrahams on PDMSEDA
showed that this was indeed the case. Additionally, this utility can be demonstrated by
the comparison of three ^Si NMR spectra (page 171, see Chapter 3 for assignments) of
PMVSEDA (/? = !) which were recorded at different length of time that the sample had
been left exposed to air. It was found that the longer the sample was left in air the
higher the intensity of the signal at -25 ppm, and it was thus concluded that the signals
at about -25 ppm were due to hydrolysis in this system.
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29Si NMR spectra of PMVSEDA oligomer of ^ = 1 (I) left in air for
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